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ABSTRACT 
 
Particle attrition plays an important role throughout the cycles of a circulating fluidised 
bed (CFB) and a fluidised bed (FB) process, gradually depriving the bed inventory of 
valuable mass and changing the bed particle size distribution. The mass loss has to be 
compensated by a make-up stream. For economic and design purposes, attrition cannot 
be neglected. Although the particles may be efficient catalysts (or reactants), if the 
compensation for the lost material amounts to very high expenses, the whole process may 
become uneconomical. It is then clear that the choice of the solids material should take 
into account its attrition propensity. The main sources of attrition in fluidised bed systems 
are the jet region, the bubbling bed and the cyclone. It is common practice to predict 
particle attrition in industrial scale fluidised bed systems by the population balance 
method, but is it possible to link that prediction with the breakage propensity of a single 
particle? 
This work aims at developing a predictive tool for particle attrition in fluidised and 
circulating fluidised beds, by attempting to build a path line from the single particle 
breakage propensity to the attrition occurring in the process. Here, the reference industrial 
process is the Chemical Looping Combustion (CLC). The CLC is a circulating fluidised 
bed process under development and as such, the choice of a solids material is critical. A 
powder of crushed manganese oxide is a candidate material for the CLC process and is 
used here as test material, as well as its equilibrium equivalent. For simplicity, the two 
materials are referred to as F-CLC (fresh CLC particles) and E-CLC (equilibrium CLC 
particles), respectively.  
The single particle breakability of F-CLC and E-CLC is assessed by impact tests. The 
experimental results are then used to correlate the extent of breakage upon impact with 
the particle size and impact velocity, according to the theoretical model of chipping of 
Zhang and Ghadiri (2002). Further tests are carried out to unveil the effect of impact angle 
and number of impacts. The results suggest that E-CLC is highly more inclined to attrition 
than F-CLC. Moreover, the single particle breakage is found to correlate with the 
magnitude of the impact velocity and the sin of the angle of impact for both materials.  
Recalling the modelling approach of Ghadiri and co-workers, the single particle breakage 
model, as derived, and the model of surface wear of Archard and Charj (1953) are coupled 
 vi 
 
with CFD-DEM (Computational Fluid Dynamic-Discrete Element Method)  simulations 
to compute the attrition of F-CLC particles in a Stairmand cyclone. Moreover, the same 
cyclone is used to characterise attrition of F-CLC particles experimentally as a function 
of particle size, gas inlet velocity and solids loading. Remarkably, the outcomes of the 
two approaches are found to agree well. A correlation is eventually derived which 
expresses the extent of attrition in a cyclone as a function of the variables mentioned 
above. The analysis revealed that the main source of attrition in the cyclone is given by 
the particle-wall collisions at the opposite section of cyclone inlet, at any operating 
conditions. Particle-particle collisions and particle sliding against the wall become 
significant contributors of attrition at high and low solids loading, respectively. 
Attrition in the jet region is evaluated at room temperature as the steady state loss rate, 
using a semi-pilot scale fluidised bed equipped with a porous distributor and a central 
orifice of variable size. The results of the tests show that jet attrition of F-CLC and E-
CLC can be described by two different correlations. The steady state attrition propensity 
of E-CLC is found to be higher than F-CLC, confirming the outcomes of the impact tests. 
The analysis on the fines collected on the filter reveals that they are mainly composed by 
very small particles of about 1 µm. 
The correlations of cyclone and jet attrition are implemented in a non-dimensional 
population balance model (PBM) that simulates attrition in a fluidised bed and a 
circulating fluidised bed. The latter is composed of a fluidised bed where the recycle of 
solids is provided by a cyclone. The PBM is validated for the fluidised bed configuration 
against the experimental PSD (Particle Size Distribution) of F-CLC particles after jet 
attrition in the fluidised bed. The PBM is eventually used to simulate hypothetical cases 
of a FB and CFB with low and high single particle breakability as well as low and high 
superficial velocities to assess the dynamic response of the system in terms of material 
loss, solids circulation rate, requirements for a make-up and PSD in different regions of 
the system. The simulations allowed to identify the presence of two subsequent regimes 
where the loss is firstly dictated by the pre-existing fines of the bed inventory and then 
by attrition. During the two regimes the mean particle size of the bed inventory increases 
and decreases, respectively. The PBM reveals that the circulation rate is strongly affected 
by attrition because of the accumulation of entrained particles which are large enough to 
be captured by the cyclone and recycled. The loss of material and the need for the make-
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up stream are found to increase using either larger superficial velocities and/or weaker 
particles. 
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1. INTRODUCTION 
CHAPTER 1 
The term “attrition” refers to undesired particle breakage, (Bemrose and Bridgwater, 
1987). In fluidised and circulating fluidised beds, attrition is a major issue. The bed solids 
are in vigorous motion and thus inevitably subjected to mechanical stresses due to 
interparticle and particle-wall collisions, causing a gradual degradation of the solids 
material. Thermal and chemical stresses are also responsible for particle attrition. 
Depending on the type/magnitude of the stress applied and the material properties, the 
particles can degrade in different ways. The main consequence of attrition is the 
generation of small fines that cannot be kept inside the system, creating an additional 
burden on the filtration system, and most importantly causing the loss of valuable 
material, (Werther and Reppenhagen, 2003). Along with the generation of fines, the so-
called mother particles are gradually shrunk or even broken into fragments. This leads to 
an undesired shift from the initial PSD, strongly affecting the performance of the process. 
In fact, the PSD of the bed solids, in combination with the operating conditions, dictates 
the solids circulation rate, the heat and mass transfer (Molerus, 1992) the conversion and 
the selectivity of reaction (Werther, 1992). 
Attrition induced by mechanical stresses in fluidised beds is usually categorised into 
“surface abrasion” and “fragmentation” (Blinichev and Streltsov, 1968; Pell, 1990; Pis et 
al. 1991). The former describes patterns of breakage such as chipping and wear which are 
characterised by the removal of the irregularities of the particle surfaces leading to the 
formation of small fines and a slight reduction of the size of the mother particle. The latter 
refers to the formation of fragments, making the distinction between mother and daughter 
particles no longer applicable, as shown in Figure 1-1.  
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Figure 1-1. Schematic definition of attrition mechanisms given by Pis et al. (1991) 
The two mechanisms do not usually take place separately, they are rather combined in 
different proportions, which makes the description of the process somewhat complicated.  
The natural tendency would be to use a material which is strong enough to avoid extreme 
cases of attrition like fragmentation. The inclination of a particle to undergo attrition 
depends on their mechanical properties, size, shape, structure, surface roughness, history 
and the process conditions, mainly the gas velocity (dictating the solids velocity and 
residence time), temperature and chemical reaction. 
In fluidised bed systems, particle attrition can occur in different regions at different 
extents and following different mechanisms (Zenz and Kelleher, 1980; Vaux and Keairns, 
1980). These are usually the vicinity of the multi-hole distributor (or more commonly 
addressed to as jet region), the bubbling fluidised bed, the cyclones, the conveying lines 
and the solids feeding devices. The first three have been extensively studied as they are 
recognised to be the main sources, (Pell, 1990). Attrition in the jet region occurs as a 
result of inter-particle impacts and shearing because of particles being entrained in the jet 
core. In the bubbling bed, attrition originates from low velocity inter-particle collisions 
caused by the movement of the bubbles, while in the cyclone, attrition is caused by high 
velocity particle impacts at the entrance as well as particle sliding on the wall. As reported 
by Werther and Reppenhagen, (1999) for FCC catalyst, at high superficial velocities the 
cyclone is the main source of attrition, followed by the jet region and the bubbling bed, 
Figure 1-2. 
 1-3 
 
Chapter 1 
    
 
Figure 1-2. Main sources of attrition as a function of superficial velocities according to Werther and Reppenhagen, 
(1999) 
Since attrition affects the single particle and extends to the full process, there are various 
criteria based on which attrition may be qualitatively and quantitatively characterised. 
Obviously, there is no universal procedure for the measurement of a material propensity 
to attrition (Werther and Reppenhagen, 2003). For instance, a single particle or a bulk 
sample can be subjected to a certain stress to in order to assess its tendency to undergo 
attrition in terms of extent of breakage as well as shift in PSD. 
The Grace-Davison Jet-Cup attrition test, for instance, can qualitatively reproduce the 
relative attrition propensity of different materials by inducing surface abrasion of 
particles, which are sheared between themselves and against the wall by mean of a 
tangential air jet at the bottom of the conical cup  (Dessalces et al. 1994; Amblard et al. 
2015). The most common attrition-modelling approach requires the use of test facilities 
that simulate the stress of a certain region of the process. For the assessment of the jet and 
bubbling bed induced attrition, the most popular equipment are those of Forsythe and 
Hertwig (1949) and Gwyn (1969). They are lab-scale fluidised beds with one and three 
submerged jets, respectively. In case of cyclone attrition, Zenz and Kelleher (1980) and 
Reppenhagen and Werther (2000) used an isolated cyclone to respectively look at the 
change in PSD and the steady state mass loss, both after several passes through it. Most 
of the results of these tests reveal the average effect on all particles; hence it is hard to 
establish the dominant mechanism. Moreover, they are usually used as guidelines in 
design procedure as they might not be directly transferable to large-scale processes, 
(Boerefijn et al. 2000). For these reasons, a second attrition-modelling approach relies on 
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the response of the material to a well-defined stress like compression, impact, or shear 
coupled with the frequency and extent of the same stress occurring in a certain region of 
interest (Yuregir et al. 1986; Boerefijn et al. 2000; Ghadiri et al. 1994). Ghadiri and co-
workers (Ghadiri et al. 1992; Ghadiri et al. 1994; Ghadiri M, Cleaver JAS, 1995; Zhang 
et al. 1998; Boerefijn et al. 2000) have applied this concept to the jet attrition using the 
single particle breakage propensity upon impact, coupled with the particle dynamics 
obtained from a hydrodynamic model of submerged jet. Following the same philosophy, 
exploiting the latest development in computational capabilities, the particle dynamics can 
be now achieved by CFD-DEM simulations, (Xu et al. 2014).  
Whatever the method, the aim of such assessments is the development of attrition models 
which correlate the attrition-induced material loss rate with some known process 
conditions and material properties.  
The attrition rates, alone, do not give insights on the change in PSD but, they can be used 
to represent the kinetic of particle size reduction in a population balance model, so that 
the full description of the fate of a solids system, undergoing to attrition, can be achieved 
(Levenspiel et al. 1968; Werther and Hartge, 2004; Redemann et al. 2009). The 
population balance model can thus provide a picture of the dynamic response of the 
process in terms of mass loss and adjusting PSD of the bed inventory. Though, these 
models are often simplified considering only surface abrasion and no formation of 
physical fines. 
As reported above, predicting the impact of attrition on the process performances can be 
quite challenging. A good description of the process can be only achieved by considering 
the single particle attrition propensity and the particle dynamics, established in different 
regions of the process, as a function of the operating conditions. Many authors have tried 
to establish universal methodologies for the attrition assessment. In reality, there is a 
significant amount of literature which is often in disagreement. This leads to the necessity 
of carrying out a comprehensive attrition investigation of a novel material. 
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1.1 Background 
The Chemical Looping Combustion (CLC) is a developing carbon capture technique 
where the combustion between the fuel and the oxidiser is not realised with the oxygen 
of the air, but rather with that carried by solid particles, addressed to as “oxygen carriers”. 
This allows to have an easy separable flue gas stream composed mainly of CO2 and water, 
thus allowing the former to be efficiently isolated, sequestered and/or re-utilised, 
(Hossain and de Lasa, 2008). The CLC is a circulating fluidised bed where the solids are 
first reduced in the so-called “fuel reactor” and then oxidised in the “air reactor”. The two 
reactors are usually risers and the solids chemical loop is regulated by the continuous 
recirculation of the entrained particles captured by cyclones, Figure 1-3.  
 
Figure 1-3. A schematic representation of the CLC process 
The chances for attrition to take place are plenty, hence the oxygen carriers should be 
resilient enough to avoid incontrollable deviation from the desired operating conditions 
and, of course, loss of valuable material.  
In this work, a population balance model is developed and used to simulate the effect of 
particle attrition on the dynamic behaviour of a fluidised bed and a circulating fluidised 
bed. The material attrition propensity is initially evaluated experimentally at single 
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particle level. Particle attrition is then assessed in the jet region of a fluidised bed and a 
cyclone by means of both experimental and computational approaches. 
The material of interest is a crushed manganese oxide, used in two forms: fresh and used. 
They are respectively referred to as F-CLC (fresh-CLC) and E-CLC (equilibrium-CLC). 
1.2 Objectives and Structure of the thesis 
The project, sponsored by Total, is in partnership between the University of Leeds (Leeds, 
UK) and IFP Energies Nouvelles (Solaize, FR). The four years research work has been 
equally divided and carried out between the University of Leeds and IFP Energies 
Nouvelles’s facilities. 
The main aim of this PhD project is to develop a predictive tool for particle attrition in 
circulating fluidised beds and to gain a detailed understating of the factors affecting 
attrition at single particle level and in different regions like the cyclone and the proximity 
of the multi-hole distributor. 
A schematic diagram of the project is shown in Figure 1-4. 
The analysis begins at the single particle by characterising the single particle tendency to 
undergo breakage upon impact, for different impact velocities, particle sizes and angles 
of impact. Their surface, internal structure and mechanical properties are also evaluated 
in order to better evaluate the consequences of the chemical looping combustion on the 
material. The attrition study is then moved to the cyclone and the jet region, where the 
objectives are the understanding of the underlying mechanisms leading to attrition using 
fully coupled CFD-DEM simulations and the development of attrition correlations using 
inputs of the single particle breakage analysis. The attrition correlations, describing the 
rate of formation of fines and the particle shrinking rate, are eventually implemented in a 
population balance model to describe the dynamic behaviour of the process as a result of 
jet, bubbling bed and cyclone attrition. 
As the thesis covers quite diverse aspects of particle attrition from the single particle to 
the process, for consistency, each Chapter has a dedicated literature review. The thesis is 
structured in a way that the knowledge gained in one chapter can be passed onto the next 
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one. The chapters are about the following topics: material characterisation, single particle 
attrition analysis, cyclone attrition analysis, jet attrition analysis and process attrition. An 
outline of their contents is reported below: 
CHAPTER 2  The two materials are characterised in terms of chemical 
composition by EDX analysis, particle size distribution by sieving analysis, density by 
mercury porosimetry technique, surface morphology by SEM analysis, internal structure, 
and mechanical properties by nano-indentation technique. (University of Leeds) 
CHAPTER 3  In this Chapter, the single particle breakage propensity of the fresh 
and equilibrium solids materials is evaluated by using a conventional and a non-
conventional impact tester, by carrying out controlled particle impacts, as a function of 
particle size, a wide range of impact velocities, angle of impact and number of impacts. 
(University of Leeds) 
CHAPTER 4  A Stairmand cyclone is used to set-up an attrition rig by means of 
which the attrition of F-CLC particles is evaluated varying the gas inlet velocity, the 
particle size and solids loading. The experiments are then simulated by CFD-DEM 
simulations using Ansys Fluent coupled with EDEM®. The outcomes, in terms of 
frequency and extent of stress, are coupled with single particle breakage models to 
compute the overall attrition extent which is then compared with the experimental results. 
(University of Leeds) 
CHAPTER 5  The jet attrition rates of both materials are found experimentally as 
the steady state loss rate using a semi-pilot scale fluidised bed equipped with a porous 
distributor and singular central orifice. A jet induced correlation is eventually developed 
as a function of orifice size and jet velocity. Moreover, the particle size distribution and 
particles morphology of before and after fluidisation as well as the fines collected on the 
filter are investigated. (IFP Energies Nouvelles) 
CHAPTER 6  A 0D dynamic population balance model of attrition in a fluidised 
bed and circulating fluidised bed with make-up is developed, using the sequential modular 
approach, described and used to simulate hypothetical cases of stronger/weaker particles 
and different operating conditions. The interest here is the evolution of the particle size 
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distribution of the bed inventory, the solids circulation rate and loss rate. (IFP Energies 
Nouvelles) 
CHAPTER 7  In this Chapter, general conclusions are drawn. The limitations are 
discussed along with ideas that can encourage potential future work. 
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Figure 1-4. Schematic diagram of the research project 
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2. MATERIALS CHARACTERISATION 
CHAPTER 2 
The materials used in this work are characterised and prepared for the experimental tests. 
Essential features such as chemical composition, particle size distribution, particle 
density, surface morphology, internal porosity as well as mechanical properties are 
evaluated and discussed. 
This work has been carried out at the University of Leeds across the 1st and 2nd year of 
this PhD project. 
2.1 The Materials 
The solids materials are crushed naturally occurring manganese oxide, provided by IFP 
Energies Nouvelles (Solaize, France), which is intended to be used in the Chemical 
Looping Combustion process. Two types of particles were supplied: a fresh unused 
sample and one actually used in the CLC process, hereinafter referred to as equilibrium 
CLC particles. For simplicity, in this dissertation, they are referred to as with the 
abbreviation F-CLC and E-CLC, respectively. 
The batches of supplied powders amounted to about 50 kg of F-CLC and 5 kg of E-CLC. 
The E-CLC went under a cycle of oxidation and reduction with air at 850°C and CH4 at 
900°C, respectively. This material has been circulated in the system and often the loss 
has been replenished with fresh material, making it a mixture of particles with different 
ages. F-CLC is the primary test material of this project. 
2.2 Material Preparation 
Powder sampling is crucial, especially when it comes to large batches of material. Due to 
handling and transportation the batch of powder could be segregated causing potential 
errors in particle size distribution analysis. The splitting-blending method allows to obtain 
small quantities of materials that are representative of the whole batch. The operation is 
explained schematically in Figure 2-1, (Germaine and Germaine, n.d.). The splitting is 
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carried out using a static laboratory riffle splitter. Referring to the splitting-blending of the 
F-CLC powder, out of 50 kg of the initial batch “A”, the 64th fraction called “A/64” is 
obtained and finally divided till a 512th fraction of the initial batch. The final samples 
weigh around 90 grams which is a suitable amount to be used for sieving analysis and 
particle size distribution characterisation. 
 
Figure 2-1. Splitting-Blending procedure 
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2.3 Material Characterisation 
2.3.1 Chemical Analysis 
The Energy-dispersive X-ray spectroscopy (EDX) technique, (Goldstein, 2003), is used 
for the chemical characterisation of F-CLC and E-CLC. The emission spectra obtained 
by EDX allows identifying which elements are present in the specimen and its relative 
abundancy in terms of mole or mass fraction. The proportion between manganese and the 
oxygen is then calculated so that the state of oxidation of manganese can be worked out. 
It needs to be noted that the EDX technique only provides information of the exposed 
surface of the material. It is therefore a reliable method for the chemical characterisation 
of chemically homogeneous materials. 
For this purpose, 16 spectra per specimen are obtained and averaged. The elements mass 
fractions and the Mn/O mass ratios are reported in Table 2-1a and b, respectively. The 
analysis reveals that the F-CLC, that has a Mn/O mass ratio of 2.01, is attributable to a 
mixture composed by the 83% of MnO2 and the rest by MnO as it is comparable to the 
commercially available manganese dioxide/manganese oxide powder, which has the 
84.1% in weight of MnO2 and 1.6% of Fe, (©2016 Reade International Corp, n.d.). The 
E-CLC has a Mn/O mass ratio of 2.43. It therefore can be attributed to Mn3O4 that has a 
Mn/O mass ratio of 2.56. 
Table 2-1. a) mass fraction of the elements composing F-CLC and E-CLC. b) Mn/O mass ratio for F-CLC, E-CLC 
and various Manganese oxides 
a)         
element Mn O C Fe Al Si K Ti P Na 
F-CLC 57.50% 29% 5% 4% traces traces traces traces traces traces 
E-CLC 63% 26% 4% 3% traces traces traces traces traces traces 
b)         
material  F-CLC E-CLC MnO MnO2 Mn2O3 Mn3O4 MnO3 Mn2O7 
Mn/O 2.01 2.43 3.43 1.71 2.29 2.56 1.14 0.98 
 
2.3.2 Particle Size Distribution 
The particle size distribution (PSD) is evaluated by hand/mechanical sieving, for the two 
materials, using DIN 4188 sieve type of 315 mm. The sieve shaker RETSCH AS 300 is 
used for mechanical sieving. The samples are initially sieved mechanically at a relatively 
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low vibration rate to avoid any undesired breakage, then sieving is carried out manually 
to have a better control on the procedure. Manual sieving is carried out according to the 
standard procedure mentioned in (Germaine and Germaine, n.d.). The PSD are reported 
below in Figure 2-2 and Figure 2-3. For each material, the PSD is determined for three 
separate samples and the results are combined. The red bars, shown in the PSD, are the 
most representative size cuts chosen to carry out the experimental breakage analysis, 
Table 2-2. The PSD of the F-CLC clearly shows a bimodal trend. The PSD of E-CLC still 
presents the bimodal trend but it is less marked and shifted towards smaller sizes with 
respect to F-CLC, clearly as a result of attrition. Their characteristic measures of particle 
size distribution d10, d50, d90, dSaut and dav based on the sieving analysis are reported in  
Table 2-3 along with the coefficient of variation.  
 
Figure 2-2. PSD of the F-CLC evaluated by manual and mechanical sieving 
 
Figure 2-3. PSD of the E-CLC evaluated by manual and mechanical sieving 
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Table 2-2. Representative size cuts used to carry out the breakage tests 
Representative 
size cuts 
 [µm] 
F-CLC E-CLC 
355-400 212-250 
300-355  160-180 
250-280  125-140 
212-250  - 
180-212  - 
 
Table 2-3. D10, D50, D90, DSaut and Dav of F-CLC, E-CLC and E-FCC 
Characteristic 
particle size [µm] 
F-CLC E-CLC 
d10  170 (CV=5%) 108 (CV=0.8%) 
d50  271 (CV=6%) 173 (CV=0.9%) 
d90 341 (CV=1%) 236 (CV=0.5%) 
dSaut 262 (CV=2%) 160 (CV=0.5%) 
dav 284 (CV=2%) 186 (CV=0.4%) 
 
2.3.3 Surface and Structural Analysis 
The particles are viewed by the Scanning Electron Microscopy (SEM). The image 
analysis is important to characterise the particle surfaces. The micrographs are reported 
in Figure 2-4 for F-CLC and E-CLC. The images reveal that the F-CLC particles shape 
is very irregular, as expected, because they are crushed natural mineral ore. Their surfaces 
have very sharp edges and asperities, which make the particles very prone to breakage 
regardless of the strength of the material. As a result, the sample is also quite dusty. The 
effect of attrition is with no doubts exposed on E-CLC specimen. As the micrographs 
show, they have also become highly porous, with large cavities visible. The size of these 
cavities indicates that there is a substantial transformation of their internal structure, due 
to chemical/thermal stresses. The particle shape is still irregular, their surfaces are rough. 
They have been continuously subjected to chipping. It also appears that the E-CLC 
particles are of different ages, as some of them seem fresher than others. The internal 
structure of the two CLC samples is investigated by SEM, looking at sliced particles. For 
preparation, they are first embedded in liquid resin. The solidified resin is 
ground/polished to reveal the surfaces of the cut particles. The images are shown below 
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in Figure 2-5. The F-CLC particles show some internal heterogeneity and random macro-
pores, while the E-CLC particles are characterised by a remarkable internal macro-
porosity. Some of the E-CLC particles seem fresh, some other highly porous and 
surrounded by a denser shell, some hollow, but most of them look extremely porous 
inside. Presumably, the shell has formed by sintering at high temperature, while the 
formation of the internal cavities could be due to continuous compression/expansions 
caused by both thermal effect and cyclic reduction/oxidation. The change of oxidation 
state leads to enlargement and reduction of the particles producing structural defects, such 
as weak spots, pores and cavities with consequent release of material. Substantial work is 
needed to analyse these mechanisms of degradation. Using the “Mercury Intrusive 
Porosimetry”, it is possible to map the porosity of the F-CLC and E-CLC particles. This 
is shown in Figure 2-6. The presence of meso and macro pores for the F-CLC and 
extensive larger macro pores for the E-CLC can be deduced. The particle envelope 
density is evaluated using the same technique and reported in Table 2-4. 
According to the analysis on particle size distribution and particle density, the material is 
a Geldart group B, (Baeyens and Geldart, 1986). 
 
Figure 2-4. SEM micrographs of F-CLC (left), E-CLC (right) 
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Figure 2-5. SEM micro-graphs showing the internal structure of F-CLC (left) and E-CLC (right) 
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Figure 2-6. Pores size distribution for F-CLC and E-CLC particles obtained from the “Mercury Intrusion 
Porosimetry” 
Table 2-4. Particle envelope density 
F-CLC E-CLC 
3300 kg/m3 3000 kg/m3 
 
2.3.4 Mechanical Properties by Nano-Indentation 
The nano-indentation technique is used to determine the mechanical behaviour and 
properties of the two materials, such as Young’s modulus of elasticity (E), Hardness (H) 
and critical stress intensity factor, also known as the fracture toughness (Kc), (Taylor et 
al. 2004; Ghadiri and Zhang, 2002; Kotsis et al. 1998). The surface of the material is 
loaded, at a known rate, for a certain time with a hard indenter of known geometry whilst 
the material response in terms of displacement during the entire loading/unloading cycle 
is recorded. These mechanical properties can be deduced from curve of load (F) versus 
displacement (h), Figure 2-7, while the fracture toughness can be determined by analysis 
of the cracks on the sample. The experiment could be affected by the material 
inhomogeneity and porosity, as experienced by Kotsis et al. (1998), by jumps in 
displacements at constant load. 
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Figure 2-7. Typical curve of loading and unloading by nanoindentation 
2.3.4.1 Young’s Modulus    
Young’s modulus, E , represents the resistance of solid materials to elastic deformation. 
As shown in Figure 2-7, the Stiffness (S) is calculated as the slope of the tangent to the 
initial unloading curve, 
d F
S =
dh
. From S it is possible to calculate the reduced modulus 
of contact, Er as: 
r
S
E =
2 A

 Equation. 2-1 (2-1) 
where A is the plastic contact area, calculated according to Equation. 2-2 
2
indA = k hc  Equation. 2-2 (2-2) 
kind is the indenter shape factor and hc is the penetration depth of the indenter. The 
Young’s modulus E is then obtained from Equation. 2-3: 
( ) ( )
2
2
ind
r ind
1-1-1
= +
E E E

 Equation. 2-3 (2-3) 
where Eind is the indenter Young’s modulus, ν and νind are the Poisson’s ratios of the 
material and the indenter, respectively. 
2.3.4.2 Hardness   
The hardness and yield stress represent the resistance of the material to plastic 
deformation. The Hardness is defined by Equation. 2-4: 
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maxFH =
A
 Equation. 2-4 (2-4) 
where Fmax is the maximum force applied, as displayed in Figure 2-7. 
2.3.4.3 Fracture Toughness   
The fracture toughness, Kc, is a measure of the resistance of crack propagation in a 
material. The stress must be high enough to initiate fracture and the energy release must 
be sufficiently high to produce new surfaces, (Mashadi and Newton, 1987). The fracture 
toughness based on indentation fracture is based on the length of cracks and the geometry 
of the indenter, (Evans and Wilshaw, 1976). 
The ratio between Hardness and Fracture toughness, H/Kc, is regarded as the brittleness 
index of a material, as proposed by (Lawn and Marshall, 1979). It represents two 
competing mechanical responses, plastic deformation and fracture, (Roberts et al. 1993). 
This index allows to classify different materials according to their brittleness 
susceptibility  
It should be noted that nano-indentation is carried out at a quasi-static loading regime, 
whereas the inertial effects are negligible and thus the strain rate is very low. The strain 
rate is defined as the ratio of the deformation induced in the specimen, by the applied 
stress, with the time during which it occurs, (Verral et al. 1977). Under dynamic 
conditions the strain rate is high and the effect of inertia, i.e. mass and acceleration, cannot 
be ignored. The dislocation mobility reduces thus increasing the yield stress and 
consequently hardness, (Ghadiri, 2006). The elastic-plastic contact time is reduced, and 
less time is allowed for the material to react plastically. As a result of this, semi-brittle 
materials tend to behave like brittle at high strain rates. The mechanical properties 
measured at low strain rates, e.g. compression or indentation, are hence not directly 
applicable at high strain rates, e.g. impact test.  
2.3.4.4 Experimental Results 
The surfaces of F-CLC and E-CLC are indented at maximum loads of 25, 50 and 75 mN 
with a rate of 5 mN/s, using the Berkovich type indenter by a Nano Test apparatus of 
Micro Materials (Whrexham, UK). The indentation curves obtained at 25 mN for F-FCLC 
and E-CLC are shown in Figure 2-8 and Figure 2-9, respectively. The latter presents the 
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characteristic displacement jumps caused by the extreme porosity of the material. The 
curves allow to establish the semi-brittle behaviour of the material because there is some 
permanent deformation accompanied by elastic recovery. The average Young’s modulus 
and hardness of F-CLC and E-CLC are calculated using the curves obtained with a 
maximum load of 25 mN, according to Equation. 2-3 and Equation. 2-4. The values are 
reported in Table 2-5. They suggest that a drastic change in mechanical properties has 
occurred between the fresh and the equilibrium material. The brittleness, defined as the 
ratio between the Young’s modulus with the Hardness, is found to be greater for F-CLC 
than E-CLC. This outcome suggests that the fresh material is going to experience a much 
greater degree of elastic deformation as compared to the equilibrium. The indentations 
carried out at higher maximum loads such as 75 and 150 mN are not used for the 
calculation of “E” and “H” because the unloading curve has a negative slope that would 
give a negative Young’s modulus which is not physically permitted. The reason behind 
this behaviour are to date not fully understood and future work is needed. One explanation 
could be the effect of the bed of resin that supports the sliced particles or errors in 
measurements. The indentations on the E-CLC was found difficult to carry out because 
of their highly porous structure. The presence of cavities influences the loading curve as 
shown in Figure 2-9 and consequently hard to characterise, in fact only 3 indentations 
were performed satisfactorily. By looking at the indents on the surface of F-CLC particles 
at the maximum load, Figure 2-10, no crack is observed. This is probably because the 
load is not high enough to initiate fracture, therefore the fracture toughness could not be 
quantified. Further experimental investigation is needed. 
 
Figure 2-8. Load-displacement curves for F-CLC at 25mN of maximum load 
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Figure 2-9. Load-displacement curves for E-CLC at 25mN of maximum load 
Table 2-5. Young's modulus and Hardness of F-CLC and E-CLC by nano-indentation 
 F-CLC E-CLC 
E [GPa] 
192.5 
(CV=3%) 
41.4 
(CV=11%) 
H [GPa] 
5.2 
(CV=9%) 
2.9 
(CV=20%) 
 
 
Figure 2-10. Indentations on F-CLC surface at 150 mN of maximum load 
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2.4 Concluding Remarks 
The EDX analysis shows that the fresh manganese oxide is mainly composed of MnO2. 
The equilibrium material is a mixture of fresh and used particles with a Mn/O proportion 
which is close to Mn3O4. The fresh and equilibrium particles differ in size, density, 
internal structure and mechanical properties. The Sauter mean diameters of F-CLC and 
E-CLC is 262 and 160 µm, respectively. Their PSDs are bimodal, and the particles shape 
very irregular. The surfaces of the equilibrium particles are rough and porous with large 
cavities. Image analysis and the “Mercury Intrusive Porosimetry” reveal that the fresh 
material presents some macro-porosity of size between 10 to 100 nm, while the 
equilibrium material has a much greater degree of macro-porosity of size range between 
40 to 100,000 nm, due to the high thermal and chemical stresses undergone.  
The stiffness and hardness of the two materials are evaluated by the nano-indentation 
technique. The tests show that the fresh material is stiffer and harder. The material 
resistance to the fracture formation, the fracture toughness, could not be evaluated 
because no crack was formed for the conditions tested. 
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3. SINGLE PARTICLE BREAKAGE 
CHAPTER 3 
In this Chapter, attrition at single particle level is addressed. A literature survey on the 
different modes of failure and patterns of breakage is reported. The single particle 
breakage of F-CLC and E-CLC upon impact is obtained experimentally using single 
particle impact testers. Two devices are used in order to investigate a wide range of impact 
velocities. The effects of particle size, impact angle and number of impacts on the extent 
of breakage is also investigated. A correlation of single particle breakage upon impact is 
developed for F-CLC and E-CLC particles and the breakability index of the two materials 
is quantified. 
This work has been carried out at the University of Leeds in the 1st and 2nd year of this 
PhD project. 
3.1 Literature Review 
Understanding particle breakage is a key factor in order to predict the impact of attrition 
in fluidised and circulating fluidised bed systems. Single particle breakage has been 
studied extensively, there are many factors influencing attrition such as particle size, 
shape, density, internal structure, surface roughness, mechanical properties, 
environmental conditions and type of stress experienced, (Bemrose and Bridgwater, 
1987). 
Particles of irregular shape, containing numerous asperities or sharp edges, tend to break 
more extensively because of the high concentration of stress in the small cross section of 
the asperities. Boerefijn et al. (2000) and Reppenhagen and Werther, (2000) evaluated 
the tendency of attrition of fresh and equilibrium FCC catalyst in different set-ups finding 
always the fresh particles to be more prone to attrition. Pitchumani et al. (2003) used an 
impact tester to check the evolution of size and shape of a NaHPO4 particles under low 
velocity repeated impacts (1.88-2.50 m s-1), noticing a disappearance of the edges with 
increasing number of collisions, leading to a decrease in attrition rates till a stable value 
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is reached. Samimi, (2003) and Cleaver et al. (1993) reported a decrease in the breakage 
extent with the number of impacts, using detergent powder and sodium carbonate 
monohydrate, respectively, by carrying out controlled single particle impacts, finding the 
extent of breakage to reduce more drastically during the first three impacts. Using the 
same particle impact tester, Boerefijn et al. (2000) assessed the breakage of both fresh 
and equilibrium FCC catalyst, finding the fresh catalyst to be more extensively prone to 
breakage than equilibrium one. They also obtained a linear dependency on particle size 
and a quadratic dependency on impact velocity for both fresh and equilibrium FCC.  
In general, particle strength increases as the particle size decreases because larger 
particles tend to have more micro-cracks and inhomogeneities, (Cleaver et al. 1993).  
Papadopoulos, (1998) studied the effect of impact angle using porous silica particles of 1 
mm, where 90° represents a normal impact, as shown in Figure 3-1. 
 
Figure 3-1. Illustration of the angle of impact 
He noticed a gradual increase of the breakage extent with impact angle as opposite to  
Samimi, (2003) who worked on the effect of impact angle of agglomerates. Nevertheless, 
neither of them established a direct dependency of the breakage extent with the normal 
component of the kinetic energy (kinetic energy with the normal component of impact 
velocity), as it is claimed to be the only contributor to breakage by Vervoorn, (1986), 
Salman et al. (1995) and Hadavi et al. (2016). Wang et al. (2019) recently proposed a 
model for the equivalent particle velocity upon angled impacts, where both normal and 
tangential component of the velocity are present as well the sliding friction coefficient, 
µs, as shown below in Equation. 3-1: 
2 2 2 2 2
p,eq p sv v sin sin cos= +      Equation. 3-1 (3-1) 
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where vp is the impact velocity, and α a fitting parameter. 
There are different terms used to describe particle breakage, such as wear, surface 
abrasion, chipping, fragmentation, etc. Each of these terms corresponds to a particular 
case. For the sake of clarity, a detailed summary of the various modes of failure and 
mechanisms of particle breakage is given in the next section. 
3.1.1 Modes of Failure 
As stated by Thornton and Ning, (1998), when a particle is subjected to a certain stress 
deformation can occur. This is initially non-permanent (elastic) but it can be followed by 
permanent deformation (plastic) and even propagation of cracks. Particles can fail 
differently depending on their material properties and the loading conditions, such as 
type, magnitude and how quickly it is applied (in case of strain-rate sensitive materials). 
Based on their tendency to undergo plastic deformation, three main modes of failure are 
distinguished: brittle, ductile and semi-brittle.  
3.1.1.1 Brittle Mode of Failure 
A particle failing in the brittle mode experiences mainly elastic deformation, but limited 
plastic deformation before bond rupture and crack propagation occur, (Hutchings, 1993). A 
material with the brittle mode of failure is naturally strong, but its strength depends on the 
pre-existing internal and surface flaws. As shown by Antonyuk et al. (2006) and Lawn, 
(1993), the crack initiates from the perimeter of the loading contact area, where the 
stresses are tensile with the propagation of cracks. When a blunt indenter is loaded on a 
flat surface of a brittle material, a classical ring and Hertzian cone crack are formed due 
to the presence of pre-existing flaws or pores that act as stress concentrator, (Lowrison, 
1974; Antonyuk et al. 2006). If the cone cracks reach the surface little chips of material 
are removed (Lawn, 1993; Couroyer, 2000). For a porous material, many fine particles 
are formed with a characteristic size distribution (within the range of 0.5-100 µm) where 
the lower limit is equivalent to the average distance between the pores, (Antonyuk et al. 
2006). 
3.1.1.2 Ductile Mode of Failure 
In the case of ductile mode of failure, the material experiences extensive plastic deformation 
before breakage is induced by dislocation mobility of atomic or molecular planes over one 
another, (Hutchings, 1993). Failure occurs at the point of maximum shear stress. Metals and 
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some soft materials such as some polymers are mostly damaged under this mode of failure, 
(Hutchings, 1993).  
3.1.1.3 Semi-Brittle Mode of Failure 
Semi-brittle materials exhibit an intermediate behaviour where elastic-plastic deformation is 
followed by crack propagation. Three types of cracks are formed in semi-brittle materials: 
radial, median, and lateral, as shown in Figure 3-2 
 
Figure 3-2. Illustration of radial, median and lateral cracks, (Salman et al. 2004) 
Radial cracks are formed during loading by tensile stresses around sub-surface flaws near the 
elastic-plastic boundary and can propagate through the whole volume of the material, while 
median cracks are formed under the plastic zone, (Lawn and Evans, 1977; Lawn and Evans, 
1980). Radial and median cracks are responsible for fragmentation. Lateral cracks are formed 
instead on unloading. Their propagation is initiated at the interface of the elastic and plastic 
contact zone, (Ghadiri and Zhang, 2002), which is near the surface of the material, and 
therefore responsible for surface wear and chipping, (Ghadiri and Zhang, 2002; Lawn and 
Evans, 1980). 
3.1.2 Pattern of Breakage 
Based on the pattern of the cracks propagation different breakage mechanisms are 
observed. It is important at this stage to define the various terms used to describe particle 
breakage as the definitions reported in literature are sometimes subjective.  
According to Unland, (2007), a particle can undergo surface and/or body damage as 
shown in Figure 3-3.  
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Figure 3-3. Different particle pattern of breakage (volume fraction against particle size where dF is the feed particle 
size), (Unland, (2007)  
3.1.2.1 Surface Damage 
“Crumbling” and “chipping”, as defined by Unland, (2007), Figure 3-3, are the result of 
surface damage and give rise to the formation of fine debris and small surface chips, 
respectively. The two mechanisms are often considered together and referred to as 
“surface abrasion” as in both cases there is still a clear distinction between the mother and 
daughter particles, (Pis et al. 1991). Reppenhagen and Werther, (2000), refer to 
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“crumbling” as “surface abrasion” when the mother particle size is barely changed and 
fines of less than 10 µm size are formed. They use the term “fragmentation” to describe 
the process that leads to the removal of relatively large portions of the surface (which is 
chipping according to Unland, (2007) and Ghadiri and Zhang, (2002)). According to 
Hutchings, (1993), any surface damage is referred to as wear. Wear mechanisms are 
subdivided into “surface abrasion” and “erosion” whether breakage happens as a result of 
sliding against a surface or impact, respectively.  
3.1.2.1.1 Surface Wear 
Archard and Charj, (1953) derived a contact-based model of surface wear and assumes 
removal of lumps at contact areas formed by plastic deformation, Equation. 3-2. The 
model shows that the volume of debris produced by the surface asperities is independent 
of the actual contact surface area and linearly dependent upon the normal load applied, 
Fn, between the two surfaces and inversely proportional to the material hardness, H: 
n
de A
F s
V
H

=   Equation. 3-2 (3-2) 
where Vde is the abraded volume loss, αA is a constant that determines the efficiency of 
material removal (less than 1) and Δs is the sliding distance.  
Ning and Ghadiri, (2006) considered the surface damage of two particles shearing against 
each other to be caused by the formation of lateral cracks due to elastic-plastic work. The 
lateral crack is formed by the residual tensile stress, after the contact force reaches the 
yield value, during the unloading stage. 
 
Figure 3-4. Abrasive wear by lateral crack formation: (a) sliding distance; (b) surface damage zone and (c) enlarged 
contact area, (Ning and Ghadiri, 2006). 
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They developed a model based on indentation fracture mechanics, where the volume of 
wear, Vw, can be calculated as the contribution of the material removal due to 
loading/unloading in a static point and by sliding, as shown in Equation. 3-3: 
5/4 1/4 1/4 3/4
n n
w 5/4 1/4
c c
0.07F H F
V 2 s
K H 17.1K
 
=  + 
  
 Equation. 3-3 (3-3) 
It is noted how similarly to Archard’s law, there is dependency on the ratio between load 
applied and hardness although with different power indices. 
3.1.2.1.2 Chipping 
Vogel and Peukert, (2003) describe the impact breakage of brittle material as the 
probability of breakage, S, as shown in Equation. 3-4: 
( )mat p k k,minS 1 exp f d W W = − − −   Equation. 3-4 (3-4) 
where fmat is a fitting parameters reflecting the material properties, Wk,min the minimum 
kinetic energy that causes breakage and Wk denotes the particle specific impact energy. 
For the semi-brittle failure mode, Ghadiri and Zhang, (2002) proposed a mechanistic 
model for breakage applicable for the chipping regime. The volume fraction of debris, as 
the ratio of volume of chips to the volume of original particles, determines the attrition 
extent, R, according to Equation. 3-5: 
2
p p p2
c
H
R d v
K
   Equation. 3-5 (3-5) 
where H is the hardness, Kc the fracture toughness, ρp the particle density, dp the particle 
size and vp the particle impact velocity. Similarly to Vogel and Peukert, (2003), the 
minimum energy that causes little/no breakage is identified as the transition velocity, vp,0. 
Linearisation of the model of Vogel and Peukert (2003) for small extents of breakage 
(such as chipping) leads to the same dependencies of the model of chipping of Ghadiri 
and Zhang (2002). 
A common approach to assess the fraction of debris generated is to consider a cut-off 
sieve size above which only mother particles are expected, and below which the particles 
are considered debris. This cut-off size is typically taken as two sieve size cuts below the 
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lower size of the feed particles, (Ahmadian and Ghadiri, 2007; Kwan et al. 2004). Zhang 
and Ghadiri, (2002) define the extent of breakage of a single particle gravimetrically, i.e. 
using the mass of feed particles, mf, the mass of mother particles, mmp, and mass of debris, 
mde. Due to uncertainty arisen from manual handling and possible loss of material, they 
propose three different way of closing the mass balance: R- is used when the loss is 
attributed to mother particles, R+, when the loss is attributed to debris and R*, when the 
analysis is based on the collected material, so that the loss is not attributable, as shown 
below:  
- de
f
m
R =
m
 Equation. 3-6 (3-6) 
f mp+
f
m - m
R =
m
 Equation. 3-7 (3-7) 
* de
de mp
m
R =
m + m
 Equation. 3-8 (3-8) 
3.1.2.2 Body damage 
“Splitting” and “disintegration”, according to Unland, (2007), as shown in Figure 3-3, are 
the result of body damage and are usually referred to as “fragmentation”, (Werther and 
Reppenhagen, 2003). In both mechanisms there is no longer distinction between mother 
and daughter particles. Papadopoulos, (1998) refers to “splitting” simply as 
“fragmentation”, because of the formation of large fragments. 
In case of “disintegration”, the particle is completely shattered into several small pieces. 
The latter usually occurs for granules and agglomerates, (Reynolds et al. 2005). 
Papadopoulos, (1998) proposed a way to identify the pattern of breakage, by means of 
the Schumann’s plot, (Schumann, 1940), as shown in Figure 3-5, such as chipping/surface 
abrasion, fragmentation and disintegration depending on the shape of the cumulative 
percentage undersize as a function of normalised particle size. 
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1.  
2. Figure 3-5. Patterns of breakage, (Papadopoulos, 1998) 
3.1.2.2.1 Fragmentation 
To date, there is no theory which can relate the product size distribution to the material 
properties and stress conditions in a predictive way. Ghadiri and Zhang, (2002) proposed 
a relationship to estimate the force for fracture of a sphere of diameter dp based on 
indentation fracture. The fragmentation force (Ffr) for crack extension is given by 
Equation. 3-9: 
( )
4/3
1/3
fr c pF K d H
−  Equation. 3-9 (3-9) 
Salman et al. (1995) proposed an empirical model of fragmentation to quantify the 
probability of breakage by counting the number of unbroken particles, Nu, after impact 
tests as a function of impact velocity, using a two-parameters cumulative Weibull 
distribution, k1 and k2, as shown in Equation. 3-10: 
2k
p
u
1
v
N 100exp
k
  
= −  
   
 Equation. 3-10 (3-10) 
On the other hand, Hadavi et al. (2016) quantify fragmentation as the ratio of number of 
particles after and before the impact. 
3.2 Motivation and Objectives 
As mentioned above, the way that the single particle experiences breakage depends on 
several factors, their mode of failure, mechanical properties and surface morphology. 
These, along with the type and magnitude of stress undergone, will dictate the extent of 
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breakage. The attrition tendency of the single particle needs to be fully investigated as it 
is the necessary requirement to understand attrition at the process level. There is some 
work reported on the behaviour of fresh and equilibrium catalyst upon impact, however 
the information is insufficient to be able to predict how these fresh and equilibrium 
manganese-based oxygen carriers are going to behave. The main interest here is to study 
the relative tendency of undergoing attrition of F-CLC and E-CLC particles as a function 
of particle size, impact velocity, angle of impact and number of impacts. 
3.3 Methodology for Single Particle Breakage Assessment 
Two main techniques are used to characterise the impact breakage propensity of the 
particles, the Scirocco Impact Test (SIT) and the Single Particle Impact Test (SPIT). The 
former allows to reach higher impact velocities as compared to the latter. Also, the two 
techniques are for the first time used here to assess particle breakage gravimetrically to 
check their consistency in the overlapping impact velocity range. In order to isolate the 
effect of size, the tests are carried out on narrow size cuts which are most representative 
of the whole PSD. The masses of debris, mde, and of mother particle, mmp, are obtained 
by sieving the material after the test using a cut-off sieve size which is two sizes below 
the lower size of the feed particles according to DIN sieve standard, as described in 
section 3.1.2.1.2. This method is valid up to the point that the size of mother particle, dmp, 
is equal to size of the sieve mesh opening, dso. Beyond this limit there is no more 
distinction between mother and debris particles, therefore it can be seen as the theoretical 
threshold from chipping/surface abrasion to fragmentation. The latter, in fact, occurs 
when the particle breaks into several pieces of comparable sizes or at least when there is 
no clear distinction between mother particle and the rest. Considering spherical particles, 
as shown in Figure 3-6, this threshold can be calculated according to Equation. 3-11. 
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Figure 3-6. Schematically representation of a particle of diameter “df” at the sieve opening of diameter “dso” 
3 3' ' ''
f mp mp mp' de so
f f f f f
m m m dm d
R 1 1 1
m m m d d
 −  
= = = − = − = −    
  
 
Equation. 3-11 
(3-11) 
Using German standard DIN 4188 sieve type, dso/df is generally around 0.85 which 
corresponds to a R’ of 0.38, where df is set as the lower limit of the feed size cut. The size 
cuts used for impact testing, their cut-off sieve size and theoretical threshold to 
fragmentation are reported in Table 3-1 and Table 3-2 for F-CLC, E-CLC, respectively. 
This limit is certainly overestimated because it is calculated considering spheres, while 
real particles have shape that can affect sieving and therefore influence the breakage 
assessment. Nevertheless, the approach is only valid for a maximum of Rꞌ~0.4. 
Table 3-1. Cut-off sieve sizes used for mother particles-debris separation for F-CLC 
F-CLC feed size cuts [µm]                                                                                                                                                                                                                                        355-400 300-355 250-280 212-250 180-212 
cut-off sieve size [µm] 300 250 212 180 150 
R’ [-]  0.39 0.42 0.39 0.38 0.42 
 
Table 3-2. Cut-off sieve sizes used for mother particles-debris separation for E-CLC 
E-CLC feed size cuts [µm]                                                                                                                                                                                                                                  212-250 160-180 125-140
cut-off sieve size[µm] 180 140 106 
R’ [-] 0.38 0.33 0.39 
 
The material is very dusty as shown in Figure 2-4. In fact, dust readily adheres to particles 
surfaces and this adversely affects the breakage results contributing to the mass of debris. 
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Therefore, before the tests, in order to get rid of these fines, the particles are ‘washed’ by 
wet sieving using water and later on dried in an oven. Manganese oxides do not dissolve 
in water. Later experimental inspection showed no weakening of the particles due to 
washing as its breakability after few repeated impacts is equal to that of the non-washed 
material. 
3.3.1 Single Particle Impact Test (SPIT) 
The Single Particle Impact Test developed by Ghadiri and co-workers, shown in Figure 
3-7, is used to assess the single particle breakage propensity.  
3.  
4. Figure 3-7. Single Particle Impact test rig (Samimi, 2003) 
The particles are almost singularly fed into the system by a vibrating feeder. Acceleration 
of particles is induced by a vacuum line. They are impacted onto a target of sapphire at a 
certain velocity which is detected by photodiodes and displayed on screen. Impact 
velocity can be varied by adjusting the pressure of the vacuum line. The gas flow rate is 
calibrated to achieve the desired impact velocity. The test can cover a wide range of 
velocities depending on particle size. The total amount of material used for each condition 
is 6 g. Considering the particle size range used here, this amount would lead to few 
hundreds of thousands of single particle impacts. The results are therefore to be 
considered as representative of an average behaviour between all the impacts. After 
impact, the material is collected and sieved to separate the mother particles from the 
debris in order to calculate the extent breakage. The tests are performed at five particle 
impact velocities: 2, 8, 14, 20 and 26 m s-1, using 5 g of material. This is carried out for 
both washed and non-washed material. The effect of the angle of impact is analysed at 
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impact velocities of 8, 14 and 20 m s-1 using oblique targets at 30°, 45° and 60°, as shown 
in Figure 3-8. The effect of fatigue is also investigated by carrying out 6 repeated impacts, 
again at 2, 8, 14, 20 and 26 m s-1 on both washed and non-washed F-CLC particles of 
355-400 µm and washed E-CLC particles of 212-250 µm. 
The results are presented in terms of R*, R-, R+ and R. The former three are defined by 
Equation. 3-6, Equation. 3-7 and Equation. 3-8, the latter is the arithmetic mean of R+ and 
R-. 
5.  
6. Figure 3-8. Target of SPIT inclined at 30, 25 and 60° 
3.3.2 Scirocco Impact Test (SIT) 
Laser diffraction is nowadays one of the most used techniques for particle size analysis. 
The size measurement is carried out by either wet or dry dispersion. On the Malvern 
Mastersizer 2000, dry dispersion of free-flowing material is obtained by means of a 
Venturi eductor called “Scirocco” where the air pressures can be varied from 0.1 to 4 
barg. A schematic view of such system is given in Figure 3-9. Compressed air is issued 
from “port 2” which results in a very high velocity at the nozzle tip. The particles are 
slowly fed to the top inlet of the disperser, “port 1”, and get rapidly accelerated as they 
interact with the high velocity air jet stream. The dispersion of particles takes place as 
they collide at the elbow. The dispersed particles exit from the outlet, “port 3”, and are 
presented to the laser for laser diffraction measurements. As the particles are accelerated 
by the air jet, they are impacted on the container walls and L-bend. They are then 
recovered downstream of the instrument by a plastic axial cyclonic dust collector, from 
which the material is collected, thus the extent of breakage is analysed. Coherently with 
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the SPIT, the breakage results are presented in terms of R*, R-, R+ and R. Attrition can 
also be observed from the shift in PSD of the laser diffraction results at increasing 
pressure. The further potential attrition contribution of the recovery cyclone is not 
considered as most of the breakage is assumed to be caused by the high impact velocity 
achieved in the Scirocco. The experiments are performed on washed F-CLC using three 
batches of 3 g for each condition.  
 
Figure 3-9. Schematic diagram of the Scirocco disperser 
The particle velocity at the first impact in the Scirocco is calculated knowing the particle 
size, density and nozzle pressure, based on the correlation developed by Ali et al. (2015), 
who simulated the gas/solids flow in Scirocco using Lagrangian particle tracking for the 
discrete phase and the Eulerian approach for the fluid phase. Varying the nozzle pressure 
from 0.1 to 4 barg for CLC particles, it is possible to achieve a range of impact velocities 
from 18 to 59 m s-1, depending on the particle size, as shown in Figure 3-10. 
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Figure 3-10. Particle impact velocities at the L-bend of the Scirocco disperser for different particle sizes as a function 
of air pressure 
3.4 Results and Discussion 
3.4.1 F-CLC 
The results of the SPIT for different size cuts of non-washed F-CLC are reported in Figure 
3-11 in terms of R plotted against the group ρpdpvp2, following the chipping model of 
Zhang and Ghadiri, (2002). The unification of data points obtained for different particle 
sizes and impact velocities suggests a linear relationship with particle size and square 
dependency with the impact velocity. Furthermore, the slope of the straight line is exactly 
the breakability index αH/Kc2. However, the intercept with the abscissa is positive 
implying that in condition of 0 m s-1 impact velocity there is breakage. This is due to the 
presence of dust which contributes to the mass of debris by being shed off. As it will be 
seen later, removing the dust by washing particles resolves this problem. 
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Figure 3-11. The extent of breakage “R” plotted against ρpdpvp2 for non-washed F-CLC particles of different feed 
sizes for different impact velocities (2-26 m s-1), using the SPIT 
The extents of breakage R+, R*, R- and R are shown in Figure 3-12 for the non-washed F-
CLC. The gap between R- and R+ gives an indication of the degree of loss of material in 
the experiments. At the same time, it is not possible to establish to which source the loss 
belongs. If there is no loss, all the given definitions of R would give the same value. In 
this case the maximum error band, calculated as (R+- R-)/ R+, is of 23%. 
 
Figure 3-12. The extents of breakage “R+”, “R*”, “R-” and “R” plotted against ρpdpvp2 for non-washed F-CLC 
particles of different sizes for different impact velocities (2-26 m s-1) using the SPIT 
The angled impact tests carried out with particles of 355-400 µm are not found to agree 
with the magnitude of the impact velocity as well as the normal component of the impact 
velocity, vp sin θ, as often suggested in literature, Figure 3-13. Not all the breakage is in 
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fact due to the normal component of the impact velocity, but only a fraction of it. This 
fraction itself should be dependent on the impact angle as the normal component is. The 
breakage due to the normal component is here assumed to be Rsinθ. Its complementary, 
R(1-sinθ) should therefore arise from the tangential component of the impact velocity 
vp cos θ. This leads to a remarkable unification of the data points, as shown in Figure 
3-14.  
 
Figure 3-13. The extent of breakage “R” for F-CLC particles of 355-400 µm for different impact velocities and 
angles. On the left:  plotted with the magnitude of the impact velocity. On the right: plotted against the normal 
component of the impact velocity 
 
Figure 3-14. Unification of data of Rsinθ and R(1-sinθ) respectively with the normal and tangential component of the 
impact velocity 
This analysis is purely empirical and not based on any underlying impact breakage 
mechanism. However, the particle breakage upon an inclined impact could actually arise 
from both normal and tangential components and the approach takes it into account. 
Given the parabolic trend observed in Figure 3-14, it can be written that, Equation. 3-12: 
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( )
2
2
p pR sin v sin R v sin       Equation. 3-12 (3-12) 
Hence, a linear trend would be observed if the data points are plotted as shown in 
Equation. 3-13 
2
pR v sin   Equation. 3-13 (3-13) 
In Figure 3-15, it is possible to see how all the data points, for both normal and inclined 
impacts, is on the same straight line if plotted against the group ρpdpvp2sinθ. 
 
Figure 3-15. Unification of data points of “R” for F-CLC particles obtained using SPIT for different impact angles 
with the group ρpdpvp2sinθ  
The results obtained for washed F-CLC, using SPIT and SIT, in terms R+, R*, R- and R 
are shown in Figure 3-16 with a maximum error band of 28%. The solid black lines 
indicated the linear fitting of R. 
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Figure 3-16. The extents of breakage “R+”, “R*”, “R-” and “R”, obtained using SPIT (on the left) and SIT (on the 
right), plotted against ρpdpvp2 for washed F-CLC particles of different sizes for different impact velocities 
The impact velocity ranges achieved by the two techniques are somewhat 
complementary. All the data points are in fact plotted together in Figure 3-17 showing 
good agreement. This means that the “Scirocco” of the Malvern Mastersizer 2000 can be 
used to extrapolate the single particle breakability index of a material without recurring 
to the SPIT which is an in-house-fabricated equipment of property of University of Leeds. 
 
Figure 3-17. The extent of breakage “R” plotted against ρpdpvp2 for washed F-CLC particles of different sizes and for 
different impact velocities using the SPIT and SIT methods 
The intercept with the abscissa referred to as “bsp” corresponds to the impact energy at 
the transition from no/little breakage to breakage. The impact velocity associated with 
this energy is vp,0 and can be calculated according to Equation. 3-14: 
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v
H
d
K
=
 
 
Equation. 3-14 (3-14) 
The equation above states that the denser and larger the particle, the more energy is 
required upon impact to initiate breakage. It should be noted that in order to have a 
positive sign in the square root of Equation. 3-14, bsp should be positive. This implies that 
its sign in the equation of the straight line should be negative. As shown by the graph 
below, Figure 3-11, for non-washed F-CLC, this is not true. The transition velocity for 
washed F-CLC is calculated for the particle sizes used, according to Equation. 3-14, and 
reported in Table 3-3. 
Table 3-3. Breakability index, intercept with the abscissa and breakage transitional velocity for different sizes of 
washed F-CLC particles 
F-CLC 
2
c
H
K
  bsp 
2.69 x 10-5 2.32 x 10-5 
vp,0 [m s
-1] 
355-400 µm 0.83 
300-355 µm 0.89 
250-280 µm 0.99 
212-250 µm 1.07 
180-212 µm 1.16 
 
By using a high-speed camera, the impact of 355-400 µm particles of F-CLC upon free 
fall velocity (about 1 m s-1) is recorded and reported in sequence of images in Figure 3-18, 
showing several surface chips being produced. A direct comparison of the data points of 
non-washed and washed material is reported below in Figure 3-19 showing the effect of 
dust on the breakage results. 
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Figure 3-18. Time sequence of a single particle of 355-400 µm of washed F-CLC experiencing breakage upon free 
fall impact, about 1 m s-1 
 
Figure 3-19. Comparison between non-washed and washed F-CLC single particle breakability 
The breakage pattern is assessed using the Schumann’s plot of Figure 3-20 for the same 
conditions, showing to be way below the fragmentation threshold. 
 
Figure 3-20. Schumann’s plot of washed F-CLC 355-400 µm particles 
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The SEM images of the mother and debris particles obtained at the most sever conditions 
in Scirocco are reported for feed particles of 355-400 µm and 180-212 µm, in Figure 3-21. 
The figure shows that the debris particles are composed by small fines and some large 
ones, probably created as a result of severe chipping or fragmentation of some mother 
particles. 
 
Figure 3-21. Mother and debris particles of F-CLC looked at the SEM for feed particle sizes of 355-400 µm and 180-
212 µm, after attrition in the Scirocco at 4 barg pressure 
The effect of fatigue is assessed by carrying out six repeated impacts at a fixed impact 
velocity and particle size, for both non-washed and washed material. The results, 
displayed in Figure 3-22, show that there is no significant effect on the number of impacts 
on the extent of breakage for washed material, while the non-washed material tends to 
have higher extents of breakage during the first three/four impacts due to the presence of 
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adhered dust on the mother particles surfaces. Towards the fifth/sixth impact the extent 
of breakage of the two materials tend to be the same.  
Six impacts are probably not sufficient to make significant changes in particle breakage. 
 
Figure 3-22. Effect of 6 repeated impacts for both washed and non-washed F-CLC particles of 355-400 µm at 
different impact velocities 
3.4.2 E-CLC 
The same analysis on the effect of particle size, impact velocity, angle of impact and 
fatigue is carried out for washed E-CLC particles of different sizes, using the SPIT. In 
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particular, the same relationship with the angle of impact found for F-CLC is obtained as 
shown in Figure 3-23. 
 
Figure 3-23. Unification of data points of “R” for E-CLC particles, obtained using SPIT, with the group ρpdpvp2sinθ 
From the unification of the data points on a straight line, it is possible to evaluate the 
transitional velocity according to Equation. 3-14. These are shown in Table 3-4. They are 
found to be larger than those of F-CLC. The breakability index of E-CLC is much larger 
than that of F-CLC, implying that the former undergoes attrition to a greater extent. 
However, its transition velocity is also larger, as shown in Figure 3-24 meaning that 
equilibrium CLC particles require a higher impact energy to initiate breakage. 
Table 3-4. Breakability index, intercept with the abscissa and breakage transitional velocity for different sizes of 
washed E-CLC particles 
E-CLC 
sieve size [µm] 
2
c
H
K
  bsp 
1.05X10-4 1.30X10-4 
vp,0 [m s
-1] 
250-280 1.3 
160-180 1.6 
125-140 1.8 
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Figure 3-24. Transition velocity of F-CLC and E-CLC particles as a function of particle size 
The extents of breakage obtained for all conditions, in terms R+, R*, R- and R, are shown 
in Figure 3-25 with a maximum error band of 22%.  
 
Figure 3-25. The extents of breakage “R+”, “R*”, “R-” and “R”, obtained using SPIT, plotted against ρpdpvp2 for 
washed E-CLC particles of different sizes for different impact velocities  
Consistent with trends observed for the fresh material, the pattern of breakage for all 
conditions is way below the fragmentation limit, Figure 3-26. This is determined based 
on the mother particles becoming sufficiently small to go through the sieve size limit that 
defines the debris, as discussed in section 3.3. 
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Figure 3-26. Schumann’s plot of washed E-CLC 
The repeated impacts carried out on washed E-CLC particles of 212-250 µm show a 
gradual decrease of extent of breakage at the highest velocity tested, 20 and 26 m s-1. This 
behaviour is in contrast with what observed for F-CLC particles for which no effect of 
the number of impacts is observed. 
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Figure 3-27. Effect of 6 repeated impacts for both washed and non-washed E-CLC particles of 212-250 µm at 
different impact velocities 
3.5 Assessment of the Model for Inclined Impact 
As mentioned above, the remarkable unification of the data points obtained at different 
angles for the two materials is surprising, because the model has not been derived on 
physical bases. Therefore, its validity is assessed here using data sets taken from literature 
on particle and agglomerates breakage upon angled impact. All the data presented here 
are reported as a function of the impact velocity magnitude, the normal component of the 
impact velocity and the model developed here vpsin
0.5θ (which gives a parabolic trend). 
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Wang et al. (2019) carried out single particle impact test using zeolite particles at different 
inclination, 30°, 45° and 60°. Figure 3-28 shows that the empirical model proposed here 
is able to capture the trend. 
 
Figure 3-28. Extent of breakage of zeolite particles obtained by (Wang et al. 2019) plotted against (in order from left 
to right): the impact velocity magnitude, the normal component of the impact velocity and the model derived here 
Salman et al. (1995) studied the effect of the angle of impact on the breakage of 
aluminium oxide particles of 2.8-7.6 mm. The results, reported in terms of damage ratio, 
i.e. mass of broken particles over the total mass, are displayed in Figure 3-29 showing 
again a good prediction of the model. 
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Figure 3-29. Damage ratio of aluminium oxide particles obtained by (Salman et al. 1995) plotted, in order from left to 
right, against: the impact velocity magnitude, the normal component of the impact velocity and the model derived 
here 
3.6 Concluding Remarks 
The single particle breakability of fresh and equilibrium CLC particles is evaluated using 
the single particle impact test and the Scirocco impact test with focus on the effect of 
particle size, impact velocity, angle of impact and number of impacts. Both materials are 
“washed” in order to remove the fine dust adhering to the particles surfaces so as not to 
influence the outcomes of the impact test. The impact breakage of non-washed F-CLC 
particles is also analysed and found to be higher than that of its washed equivalent.  
The experimental data for all the materials agree well with the chipping model for semi-
brittle material of Ghadiri and Zhang, (2002), confirming the proportionality with the 
impact velocity square and the particle size. 
The investigation on the effect of the angle of impact leads to a dependency of the extent 
of breakage with the sinθ. The applicability of the latter is verified by using the data sets 
of particles breakage at inclined impact taken from literature, showing a good capability 
of prediction. However, the model has no physical basis and its true nature is to be 
considered yet to be discovered. 
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The transition velocity from little/no-breakage to breakage is assessed using the straight-
line fitting of the extents of breakage against the group ρpdpvp2sinθ. This is found to be 
higher for the E-CLC than F-CLC. The breakability index αH/Kc2, namely the slope of 
the straight line, is larger for E-CLC, as shown in Figure 3-30. This is because substantial 
structural changes take place as a result of cyclic oxidation which produces large pores 
and cavities. 
 
Figure 3-30. Comparison of the single particle breakage extents between washed F-CLC and washed E-CLC 
particles, as a function of the group ρpdpvp2sinθ 
No significant variation of the extent of breakage is observed for washed F-CLC particles 
throughout six repeated impacts. The extent of breakage of non-washed F-CLC decreases 
during the first three/four impacts, then it tends to the same values of its washed 
equivalent, confirming the effect of the dust on the evaluation of breakage. Unexpectedly, 
the extent of breakage of E-CLC particles tends to reduce with the number of impacts at 
high impact velocities while at low impact velocities no significant variation is observed. 
In this work the extent of breakage of single particles by impact has been evaluated and 
described in terms of an empirical equation. This will later be used in the analysis of 
attrition in the jet region of the fluidised bed, the cyclone and the population balance 
model. 
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4. CYCLONE ATTRITION 
CHAPTER 4 
The work reported in this Chapter aims at understanding the dynamics behind particle 
attrition in a cyclone and at developing a correlation of attrition for F-CLC particles as a 
function of gas inlet velocity, particle size and solids loading. This work is divided in two 
main parts: experimental based and computational based. Both have been carried out at 
University of Leeds facilities across the 2nd and 3rd year of this PhD project. 
Initially a literature review is given. Then the description of the experimental approach 
used to characterise attrition of F-CLC particles in a high efficiency Stairmand cyclone is 
presented and the results discussed. 
Moreover, CFD-DEM simulations are used to simulate the particles dynamics in the same 
system to elucidate the mechanisms behind particle attrition and compare consistency 
with the experimental work. The main outcomes of the simulations are the particle-wall 
and particle-particle relative impact velocities, angles, frequencies, and particle-wall 
sliding distances, normal loads and residence times in various regions of the cyclone. In 
a post processing data analysis, these outcomes are coupled with two mechanistic models 
of single particle breakage, describing respectively chipping and surface abrasion in order 
to predict the overall extent of attrition in the cyclone. The former is the single particle 
breakage model of impact, derived in Chapter 3 for F-CLC particles, and the latter is the 
theoretical wear model of Archard and Charj, (1953). The results of the computational 
work are compared with the experimental results.  
A schematic description of the work plan is reported below in Figure 4-1. 
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Figure 4-1. Scheme of the cyclone working plan 
The CFD-DEM approach allows to be identified the relative contributions of different 
regions of the cyclone to the overall attrition, as well as elucidating the relative 
importance of different mechanisms of attrition. Initially, only CFD simulations are 
performed to reach mesh independency and validate the macroscopic fluid dynamic 
behaviour through the pressure drop, against the experimental observations. Then CFD 
simulations are coupled with DEM to simulate the gas/solids dynamics 
The Chapter is structured in the following order: (i) background, (ii) literature review of 
cyclone attrition, experimental setup and results, (iii) literature review of fluid/solids 
dynamics in cyclones by computational approaches, CFD-DEM principles, simulations 
setup, results and (iv) conclusions. 
4.1 Background 
Cyclones are inexpensive gas/solids separation systems characterised by low pressure 
drops, (Yang, 2003; Gauthier et al. 2010). A strong swirling flow is established as the 
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fluid enters the cyclone. As a result, the particles are subjected to a centrifugal force 
leading them to the walls, (Yang, 2003). The flow field of a reverse cyclone is 
characterised by a high-pressure outer vortex moving downward and a low pressure 
reverse inner vortex moving upwards. This has been observed by several CFD studies, 
(Chu et al. 2011; Raoufi et al. 2008; Martignoni et al. 2007; Elsayed, 2015). The particles 
tend to move in strands towards the bottom outlet where they are collected. In fluidised 
and circulating fluidised bed processes, cyclones are fundamental to recover the elutriated 
particles and avoid great losses of material. However, the rapid shearing of the particles 
and their collisional behaviour lead to attrition, (Pell, 1990). 
4.2 Experimental Work 
4.2.1 Literature Review 
The cyclone is one of the most significant contributors to particle attrition especially at 
high superficial gas velocities, (Werther and Reppenhagen, 2001). Particles entering the 
cyclone are likely to impact on the opposite side of the inlet duct and slide against the 
wall towards the bottom outlet. Usually, particle attrition in cyclones is surface damage 
dominated but when a certain threshold energy is exceeded, fragmentation can also take 
place. However, in normal operations, severe particle attrition is usually avoided by using 
an appropriate design.  
Reppenhagen and Werther, (2000) developed a model of particle attrition in a cyclone for 
FCC catalysts under conditions of pure abrasion. They reported that the attrition rate is 
dependent on the material properties, gas kinetic energy, particle size and inversely 
proportional to the square root of the solids loading, Equation. 4-1. 
2
cyc,in
cyc cyc p0.5
u
R c d=

 Equation. 4-1 (4-1) 
where the solids loading, µ, is defined according to Equation 4-2 
solids
fluid
m
m
 =  Equation 4-2 (4-2) 
The square of the velocity term is due to the kinetic energy of the particles, which is 
related to that of the fluid. The inverse proportionality with the square root of the solids 
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loading is caused by the decreasing probability of the particle to get in contact with the 
wall at increasing concentrations (Reppenhagen and Werther, 2000). The authors firstly 
analysed the relative importance of different regions of the cyclone, they looked at the 
erosion spots of the internal surface of the cyclone by covering it with a black painted 
sheet. They noticed, after several passages of the material, a highly eroded area opposite 
to the cyclone inlet, less eroded areas along the cylindrical body and no erosion in the 
conical body. They concluded that the highly eroded area is the results of particles 
colliding against the wall experiencing chipping/fragmentation, as further suggested by 
the SEM images of the mother particles. At the same time, they observed that surface 
abrasion occurs mainly in the cylindrical body. Moreover, they verified successfully the 
validity of the model by testing nine different cyclone geometries, at the same process 
conditions. This can be explained by the fact that attrition, in such systems, is mainly due 
to particle collisions at the entrance and therefore strongly dependent on the entrance 
conditions.  
It is critical to understand the conditions under which a certain mechanism of attrition is 
dominant. The particle dynamics in a cyclone is thus the key to understanding this 
phenomenon. At low solids loading, for instance, particle collisions against the wall of 
the cyclone can be the main cause of attrition. Bayham et al. (2017) carried out an 
analytical study on the steady state particle attrition in cyclones under conditions of pure 
abrasion, considering the wear model of Archard and Charj, (1953). They assumed that 
the particle dynamics in the cyclone is not affected by the solids loading when this is low. 
On these bases, by mathematically manipulating the wear model, they managed to express 
the cyclone attrition constants as a combination of two parts: one dependent on the 
material properties and the other on the cyclone geometry. Nevertheless, they generalised 
their model by including the dependency of the solids loadings. They also recognised the 
need of developing a model able to capture both surface abrasion and chipping. 
In this work, the effect of gas inlet velocity, solids loading and particle size is analysed 
by using an experimental setup similar to that used by Werther and Reppenhagen, (1999), 
thus their methodology and results are discussed here. 
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Figure 4-2. Experimental set up of (Reppenhagen and Werther, 2000) 
Their system, reported in Figure 4-2, operates in suction mode, the full PSD of the 
material is fed by mean of a vibratory feeder in order to achieve the desired solids loading. 
The material is recovered at the bottom of the cyclone and reprocessed through the 
cyclone for about 34 times. Attrition is measured by the increase of the weight of the filter 
and calculated as the ratio of mass of fines collected with the feed mass. This criterium is 
consistent with the definition of attrition as the steady state mass loss but, it does not 
allow to consider attrition by chipping or fragmentation. The surface chips and fragments 
are unlikely to be carried away at the top outlet. This is the reason why their model is 
purely abrasion based. 
Some characteristic results, obtained for an equilibrium FCC catalyst, are reported in 
Figure 4-3, showing a high loss rate at the beginning and a sudden decrease to steadier 
values after 3-4 passes. This occurrence is explained by the presence of very small fines 
attached to the surfaces of larger particles that are removed after few passes.  
According to the same figure, after steady state is reached, the gas velocity is increased, 
and a new steady state is reached after a transient of 10 passes. Each steady state 
corresponds to a certain concentration of fines, produced by attrition, which is equal to 
the loss. They have also reported a decrease of the loss rate by prolonging the experiments 
to 500 passes, as caused by the particle reduction in size due to attrition, in agreement 
with the model. 
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Figure 4-3. Extent of attrition for equilibrium FCC catalyst at different passes of (Reppenhagen and Werther, 2000) 
4.2.2 Motivation and Objectives 
Cyclones are major contributor to particle attrition. According to the work reported above, 
it is mainly dictated by the gas inlet velocity (which directly influences the particle impact 
velocities), the solids loading and the particle size. The inverse effect of the solids loading 
is believed to represent the likelihood of the particles to impact against the wall, higher at 
low solids loading. However, when the concentration of particles is high, particle-particle 
collisions might represent a significant contribution to the overall attrition. Heavy and 
large particles, such as those used here, might lead to different conclusions as compared 
to FCC catalyst because of their inertia towards being carried away with the gas. 
Moreover, the attrition analysis cannot be limited to only the elutriated fines because it 
might not be sufficient to fully understand the particles pattern of breakage. In this 
chapter, particle attrition is measured using the elutriated fines as well as by sieving the 
material collected in the catch pot so to consider any pattern of breakage. 
4.2.3 Setup, Methodology and Experimental Conditions 
Particle attrition in the cyclone is evaluated experimentally for washed F-CLC particles 
(to avoid that the dust adhered on the particle surfaces could affect the attrition results) at 
different conditions of gas inlet velocity, solids loading and particle sizes. The setup, 
methodology and experimental conditions are discussed here. 
The experimental setup is similar to that used by Reppenhagen and Werther, (2000) and 
is shown in Figure 4-5. The cyclone rig has been built specifically for this research 
project. It operates in suction mode using two industrial vacuum cleaners mounted in 
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parallel, providing a total flow rate of 0.076 m3 s-1 (Nilfisk, 1854). The solids are fed by 
means of a vibratory feeder at the beginning of the inlet pipe from a top-facing trough; 
the length of the inlet pipe is 0.33 m and it has a rectangular section which coincide with 
the cyclone slotted inlet. A cartridge filter of 2 µm pore size is mounted at the top exit of 
the cyclone in order to capture the fines escaping particles. A rotameter is used to measure 
the air flow rate and a needle valve to regulate it. The pressure drop is measured across 
the cyclone by means of a digital manometer, as shown in Figure 4-4 and schematically 
in Figure 4-5, to check consistency with the simulations. These values will be reported in 
the CFD-DEM section. The catch-pot is provided with a “chinese hat” to help inducing 
the reverse flow and minimise the interference between the collected material and the 
fluid. The cyclone design is a Stairmand high-efficiency type made of stainless steel, 
fabricated by the University of Leeds mechanical workshop; the dimensions are reported 
in Figure 4-4.  
 
Figure 4-4. Cyclone dimensions in [m] 
A total amount of 15 g of washed particles is used to run each test. The vibratory feeder 
is calibrated beforehand, in terms of mass discharged divided by the discharging time. 
The desired solids loading, defined as shown in Equation 4-2, is achieved by setting a 
certain solids and gas flow rate. The solids flow rate is regulated by the frequency of the 
vibratory feeder while the air flow rate by the opening of the needle valve. 
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Figure 4-5. Experimental setup for cyclone induced attrition testing 
The extent of attrition is evaluated as the average of R- and R+ which are defined in 
Equation. 3-6 and Equation. 3-7, respectively, after each pass through the cyclone, 
according to the same gravimetric analysis carried out for the single particle impact tests, 
i.e. the mother particles are separated from the debris by using a sieve mesh size of two 
sizes below the feed size; the cut-off sieve sizes are indicated in Table 2-2. In addition, 
the mass increase of the filter is also considered as debris. A total of 20 passes are carried 
out; for each run, only the mother particles of the previous pass are fed to the cyclone. 
The breakage pattern is assessed by means of the Schumann’s plot and by the evaluation 
of the PSD of the debris particles by laser diffraction technique. 
For a sample with a particle size range of 355-400 µm, prepared by sieving, the gas inlet 
velocity is varied from 12 to 24 m s-1 and solids loading is varied from 0.1 to 1, while the 
effect of particle size is evaluated under conditions of constant gas inlet velocity of 20 
m s-1 and solids loading of 0.1. All the tests conditions are schematically reported in Table 
4-1. 
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Table 4-1. Experimental conditions for washed F-CLC particles. The simulation conditions are the same except for the 
case at 12 m s-1 
Particle sieve size 
range used for 
experiments 
[µm] 
 
355-400 
300-
355 
250-
280 
212-
250 
180-
212 
Particle size used 
for simulations 
(arithmetic mean 
of above) 
[µm] 
 
377.5 327.5 265 231 196 
Solid loading ratio 
[kgsolid kgf-1] 
 
0.1 0.3 0.6 1 0.1 
Gas inlet velocity 
[m s-1] 
12 exp exp exp exp - - - - 
16 
exp & 
sim 
exp & 
sim 
exp & 
sim 
exp & 
sim 
- - - - 
20 
exp & 
sim 
exp & 
sim 
exp & 
sim 
exp & 
sim 
exp &  
sim 
exp & 
sim 
exp & 
sim 
exp & 
sim 
24 
exp & 
sim 
exp & 
sim 
exp & 
sim 
exp & 
sim 
- - - - 
 
4.2.4 Results and Discussion 
4.2.4.1 Effect of Gas Inlet Velocity and Solids Loading  
The extents of attrition R+, R*, R- and R for washed F-CLC particles of 355-400 µm at 
the conditions of 20 m s-1 of gas inlet velocity and 0.1 of solids loading are reported below 
in Figure 4-6. In this case, and all other cases, there is a large discrepancy between the 
lower and upper limit of breakage, R- and R+ respectively, related to the mass loss during 
the test and handling procedure. The loss could be related to the fines as well as mother 
particles, so the results hereinafter are presented and discussed in terms of R.  
All the results of the experiments carried out with the particle size of 355-400 µm for 
different gas velocities and solids loading are shown in Figure 4-7. The figure shows a 
great scatter of the data points at low gas inlet velocity so no clear trend can be 
distinguished. At the lowest gas inlet velocity, 12 m s-1, the quantity of debris measured 
is the same as the balance resolution (10-4 g) so the results are not considered for further 
analysis as they are subjected to high uncertainty. The low attrition extent can be 
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explained by the fact that such heavy particles at such low gas velocity would simply fall 
by gravity in the catch-pot not experiencing any remarkable stress. As the gas velocity is 
increased to 16, 20 and 24 m s-1 a trend becomes distinguishable. In fact, it is possible to 
notice that the attrition extent increases with the gas inlet velocity and decreases with the 
solids loading. At progressing number of passes the extent of attrition seems to linearly 
decrease. This was initially associated with the presence of surface asperities which would 
be gradually lost. In order to further investigate the effect of number of passes on cyclone 
attrition, at a later time during the project, the mother particles of the 20th pass, at the 
conditions of 20 m s-1 and solids loading of 0.1, are used to continue the test until 40 
passes. The surprising results are shown in Figure 4-8. The figure shows that from 20th to 
40th pass the same initial trend is re-observed obtaining, in this way, almost two parallel 
straight lines. The only difference between the 20th and 21st pass is that the cyclone was 
cleaned from the fines deposited on the walls created as a result of attrition. It is assumed 
that the building layer of fines on the walls might have had a mitigating effect on attrition. 
This has not been proven and further investigation is needed. 
 
Figure 4-6. Extents of breakage R+, R*, R- and R of washed F-CLC particles of 355-400 µm for 20 passes through the 
cyclone 
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Figure 4-7. Extent of attrition, R, for a constant particle sieve size of 355-400 µm of washed F-CLC and at different 
values of gas inlet velocity and solids loading for 20 passes through the cyclone 
 
Figure 4-8. Cyclone-induced extents of attrition for a fixed particle size of 355-400 µm for an inlet gas velocity of 20 
m s-1 and a solids loading of 0.1, throughout 20 passes 
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4.2.4.2 Effect of Particle Size  
At 20 m s-1 and at 0.1 of solids loading the effect of size is investigated. The results, in 
terms of the extent of attrition, are shown in Figure 4-9. The results show that the attrition 
extent decreases with particle size. This is in contrast with the model of Reppenhagen and 
Werther, (2000) who observe a linear dependency with particle size, and also 
counterintuitive, because it has been established experimentally that particle breakage, 
upon impact, increases linearly with particle size following the model of Zhang and 
Ghadiri, (2002). This can be explained though by considering the entrance effect; small 
particles might accelerate faster and enter the cyclone at higher velocity as compared to 
large particles. This effect is enhanced in case of very dense particles, such as those used 
here. The length of the pipe might have been insufficient to accelerate the particles to a 
similar velocity. A CFD-DEM study is eventually carried out to investigate the 
importance of the entrance effect of particles of different sizes, mono-dispersed and poly-
dispersed, at different solids for different pipe lengths. 
The same linear reduction with the number of passes is observed for all the particle size 
tested. 
 
Figure 4-9. Cyclone-induced extents of attrition for different particle sizes, at 20 m s-1 gas inlet velocity and 0.1 solids 
loading 
4.2.4.3 Breakage Pattern 
By referring to the most severe conditions of attrition, namely low solids loading and high 
gas inlet velocity, the pattern of breakage is assessed by means of the Schumann’s plot. 
Figure 4-10 shows the Schumann’s plot for the cyclone attrition for two particle sizes, 
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355-400 µm and 180-212 µm at 24 m s-1 and solids loading of 0.1 in comparison with 
their breakage upon a normal impact at 26 m s-1. In all cases, being below the 
fragmentation limit, the dominant breakage pattern is due to surface abrasion and 
chipping. 
 
Figure 4-10. Schumann’s plot of the attrition in cycloen in comparison with the single particle attrition upon a normal 
impact. On the left, for the particle size fo 355-400 µm and on the right, for the particle size of 180-212 µm 
More insights can be given by the PSDs of the debris particles, reported in Figure 4-11. 
The PSDs are obtained with the laser diffraction technique using the Malvern Mastersizer 
3000 with dispersion by the Aero S at 4 barg air pressure. The figure shows the PSD of 
the feed particles and the debris particles in terms of volume fraction for all the particle 
sizes studied. The debris size distribution presents in general four modes, the first three 
are in common for all the cases; they are about 0.6, 5 and 30 µm, whilst the fourth one, 
i.e. the highest, varies from 62 to 135 µm with increasing particles feed size. The presence 
of these relatively large particles is associated with particle fragmentation. As suggested 
by the Schumann’s plot the general pattern of breakage is way below the fragmentation 
regime, but at the same time it is probable that few particles might have undergone 
fragmentation. Since the laser diffraction techniques give the volume-based PSD, the 
contribution of the latter is significant. 
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Figure 4-11. Feed and debris PSD, as obtained by laser diffraction technique, after 20 passes through the cyclone at 
20 m s-1 and solids loading of 0.1 for different particle size 
4.2.4.4 Overall Results 
The average extents of attrition, out of 20 passes, are used to investigate the effect of the 
three main variables: gas inlet velocity, solids loading and particle size. They are reported 
in Figure 4-12 showing that attrition increases with the gas inlet velocity but decreases 
with the gas solids loading and particle size. The latter is probably due to the different 
entrance velocities for different particle sizes. 
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Figure 4-12. Extent of attrition in the cyclone, on the left: for particle size of 355-400 µm as a function of solids 
loading at different gas inlet velocity; on the right: at 20 m s-1 and solids loading of 0.1 for different particle sizes. 
By assuming power functionality with the three variables studied, the power indices are 
evaluated by fitting the data points in the following way: 
- for the gas velocity power dependency, the solids loading and particle size are 
kept constant, (the points obtained 12 m s-1 are excluded from this analysis) 
- for the solids loading power dependency, the inlet gas velocity and particle size 
are kept constant 
- for the particle size power dependency, the inlet gas velocity and solids loading 
are 20 m s-1 and 0.1, respectively. 
The exponents are reported in Table 4-2, showing general disagreement with those of 
Reppenhagen and Werther, (2000). The power index of the gas inlet velocity, solids 
loading and particle size are respectively 2.75, -0.21 and -0.87 as compared to 2, -0.5 and 
1 for Reppenhagen and Werther, (2000). The dependency on the particle size might be 
just an artefact of the experimental set up allowing smaller particles to accelerate faster 
than larger ones. Further analysis by CFD-DEM on the particle velocity at the cyclone 
entrance will be discussed in the CFD-DEM section. The confrontation with 
Reppenhagen and Werther, (2000) should be carefully done as both particles type and 
attrition assessment method are different. 
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Table 4-2. Power dependencies of the gas inlet velocity, solids loading and particle size obtained from the experimental 
data set of attrition 
material comments dp^ ucyc,in^ µ^ 
FCC (full PSD) 
(Reppenhagen and Werther, 
2000) Experimental 
1 2 -0.5 
MnO2 (constant 
particle size) 
Experimental 
-0.87 
CV=n.a. 
2.75 
CV=12% 
-0.21 
CV=26% 
 
A unification of all the data points, in terms of R, is achieved and shown in Figure 4-13 
against the lumped parameter 
3 1 0.2
cyc,in p2
c
H
u d
K
− −  . The parameters ccyc and bcyc are the 
cyclone attrition constant (slope of the straight line) and constant term, respectively. 
 
Figure 4-13. Cyclone-induced extent of attrition plotted against the lumped parameter αH/kc2·ucyc,in·3dp-1·µ-0.2 showing 
unification of data points 
The correlation of extent of attrition in the cyclone can be written as shown below in 
Equation 4-3 where cyc,0u is the gas inlet velocity at the incipient of breakage, namely 
“the cyclone transitional velocity”. 
3
cyc,in
cyc2 0.2
c p
cyc,in cyc,0
uH
R c
K d
u u

= 

 
 Equation 4-3 (4-3) 
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By exploiting the fitting of the straight line, the intercept with the abscissa gives the 
cyclone transitional velocity, where attrition is null, as a function of particle size and 
solids loading, as shown below in Equation 4-4: 
1
3
0.2
cyc p
cyc,0
cyc2
c
b d
u
H
c
K
−
 
 
 =
  
 
 
Equation 4-4 (4-4) 
4.3 CFD-DEM Work 
4.3.1 Literature Review 
Factors contributing to cyclone attrition are the particle dynamics in combination with the 
particle physical properties. Coupling the dynamics of particle motion in a certain system 
with a single particle breakage model can give an estimate of the overall attrition. This 
approach was proposed by Ghadiri and Boerefijn, (1996) who predicted the attrition of 
FCC catalysts induced by a single jet in a fluidised bed. The same approach is used by 
Fries et al. (2013); they evaluated the growth rate by agglomeration in a fluidised bed 
granulator by extrapolating the particle impact velocity and frequency, respectively, using 
CFD-DEM simulations.  
Computational modelling has been used extensively to characterise the flow inside 
cyclones with fair agreement in predicting the fluid behaviour, (Safikhani et al. 2010). 
Many articles are available on CFD simulations of cyclones, (Raoufi et al. 2009; Gao et 
al. 2019; Elsayed and Lacor, 2010), few on 4-way coupled CFD-DEM simulations, (Chu 
et al. 2009; Chu et al. 2011; Wei et al. 2017). The majority of studies are based on one-
way or two-way coupling and therefore limited to dilute systems, (Derksen, 2003; 
Derksen et al. 2008; Elsayed and Lacor, 2016; Mousavian et al. 2009; Park et al. 2012).  
The main focus of the works mentioned above is the understanding of the behaviour of 
such complex systems, so spherical particles are usually used, and the fluid is treated as 
incompressible. By introducing the particles, the pressure drop reduces because the 
tangential velocity, and thus the turbulences, is reduced, (Bernardo et al. 2006). Therefore 
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even at low solids loading the presence of the particles might affect the fluid dynamic, 
(Derksen et al. 2008).  
When the concentration of particles is high or when the emphasis of the study is on the 
particles micro-behaviour, then particle-particle interactions should also be taken into 
account. In this case, the global interaction between continuous and discontinuous phase 
is more pronounced and so are the inter-particles interactions, (Chu et al. 2011). This 
means that particle-particle collisions might become more and more significant to the 
overall attrition. It should be noted though that the average force acting on a single particle 
decreases because of the reduction in kinetic energy.  
In this work, the focus is on the particle-wall and particle-particle interactions to better 
elucidate the underlying dynamics leading to attrition, thus 4-way coupled CFD-DEM 
simulations are used here to simulate the dynamics of F-CLC particles in a high efficiency 
Stairmand cyclone, (Haig et al. 2014). 
Chu et al. (2011) studied the effect of the solids loading in a cyclone and concluded that 
the highest collision intensity is found at the opposite of the cyclone entrance at all 
loadings. This agrees with what was found experimentally by Reppenhagen and Werther, 
(2000).  Past this region, the authors also found high particle-wall interactions in the 
conical region, because of the building solids concentration, and in particular a higher 
sliding distance at low solids loading, as shown in Figure 4-14. This is, on the other hand, 
in disagreement with Reppenhagen and Werther, (2000) as they have observed 
experimentally that particle-wall interactions are significant at the opposite of the cyclone 
entrance and the cylindrical body. 
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Figure 4-14. Particle-wall time-averaged collision intensity under different solids loadings: (a)0.5; (b)1.5; (c)2.5 (Chu 
et al. 2011) 
4.3.2 Motivation and Objectives 
Computational approaches have proven to be an efficient mean to understand the particle 
dynamics in cyclones. They dictate attrition along with the particle physical and 
mechanical properties. The authors mentioned in the previous section remark the 
significant impact of the solids loading on the number of turns that the particles perform 
before exiting and on the magnitude of particle-wall interactions. Yet, this effect has not 
been fully assessed and explicitly related to particle attrition. Also, the effect of particle-
particle interactions at increasing solids loading has not been considered as a potential 
source of attrition. In this section, the relative contributions of different regions towards 
particle attrition from any source, as given by CFD-DEM simulations, is quantified with 
the aim of gaining an understanding of the particle dynamics in a cyclone. 
4.3.3 CFD-DEM Background 
The Computational Fluid-Dynamics (CFD) is a method for solving on the computer 
momentum, mass and energy equations for fluids by numerical algorithms while, the 
computational study of distinct bodies is achieved by the implementation of Discrete 
Elements Method (DEM). This method is based on the equations of motion for individual 
bodies and their explicit numerical integration; in such systems many different 
interactions are relevant, including particle-particle and particle-wall interactions. 
The CFD-DEM is the combination of these techniques. It is used to simulate multiphasic 
flow field and, in particular, the particle motion when there is a strong interaction with 
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the fluid. The way CFD and DEM are combined together can be of different kind and 
referred to as “coupling”, as shown in Figure 4-15. 
 
Figure 4-15 Coupling types, as indicated by (Norouzi et al. 2016) 
The type of coupling chosen depends on the strength of the mutual interaction between 
the two phases. A dimensionless group, defined as the “momentum coupling number”, 
helps indicating the type of coupling needed, (Norouzi et al. 2016). The momentum 
coupling number Π𝑚 is defined as follows, Equation. 4-5: 
solids
m
m
CTotal drag force due to the solid phase
Convective momentum flux of the fluid phase 1 St
 = =
+
 Equation. 4-5 (4-5) 
where solidsC  is the solids concentration and mSt is the particle Stokes number defined, as 
shown in equation 4-6: 
m
Momentum response time of the particle
St
Characteristic time of the fluid flow field
=  equation 4-6 (4-6) 
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The momentum coupling number is much lower than 1 either when the solids 
concentration is low and/or the particle size is small due to their immediate response with 
the fluid velocity. In this instance, the fluid-dynamics resolution of the system is carried 
out separately before solving the particles motion (one-way coupling): i.e. the fluid affects 
the solids motions but not vice versa. 
On the other hand, when the momentum coupling number is much higher than 1, the fluid 
dynamic does not affect the solids motion. This occurs either at high solids concentrations 
and/or when the particles response time is much higher than the fluid characteristic time. 
In this case the resolution of the solids dynamic can be separately carried out before 
solving the fluid-dynamic. 
The most generic case is an interacting system where the fluid flow field and the particles 
motion cannot be calculated separately. In this case, the form of the fluid conservation 
equations changes to account for the solids-fluid exchange terms. No significant heat and 
mass transfer as well as reactions are present in the analysed case, the main equations will 
be the continuity and momentum conservation. 
The flow regime inside cyclones is usually turbulent and, in this case, the resolution of 
the conservation equations is achieved by describing an average behaviour by means of 
the Reynolds-Averaged Navier Stokes model (RANS) along with a turbulence model  
instead of the classic NS equations, (Wilcox, 1993). The reason being the great difficulty 
into accounting for the exact fluctuations of properties caused by the turbulent flow 
regime.  
The fluid mass conservation on a fixed quasi-infinitesimal volume, in the presence of 
solids material, leads to Equation 4-7, (Norouzi et al. 2016): 
( )f f f f u
t
 
= −  

 Equation 4-7 (4-7) 
The equation states that the accumulation of the fluid inside the control volume, per unit 
of volume, f f
t
 

, has to be equal to the net entering gas flowrate per unit of volume given 
by ( )f f u−   . 
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The momentum conservation for the fluid phase on a fixed quasi-infinitesimal volume, in 
the presence of solids material, leads to Equation 4-8, (Norouzi et al. 2016): 
( )f f f f f f f f f f s
u
uu P g f
t
−
 
+    = −  −   +   −

 Equation 4-8 (4-8) 
where the terms are, on a volume base: 
- f f
u
t
 

, the accumulation of the momentum 
- ( )f f uu   , the advective momentum transport term 
- f P  , the momentum change induced by the pressure gradients 
- 
f f  , the momentum change induced by viscous and turbulent stresses 
- f f g  , the gravity or sum of external forces 
- f sf − , force exerted by the fluid on the solid phase. 
The main differences of Equation 4-8 with the classical RANS are the presence of (i) the 
term f⃗f−s which is the direct effect of the solids presence in the system, and (ii) the fluid 
volume fraction εf. The fluid stress tensor, f , because of the turbulences, includes the 
Reynolds stresses in the three directions ( )' 'f i ju u . The turbulence model is needed here 
to link these new six independent unknowns to the mean flow variables.  
Several turbulence models are based on the Boussinesq hypothesis, i.e. the Reynolds 
stresses are treated as the viscous stresses by introducing the concept of eddy viscosity. 
The turbulence models based on Boussinesq hypothesis are found to not be able to predict 
correctly the fluid flow field in cyclones, (Hoekstra et al. 1999), while the Reynolds Stress 
equation model is widely used to predict curve swirling flows and capture the anisotropy 
of the fluid flow field, (Kozołub et al. 2017; Sommerfeld and Ho, 2003; Chu et al. 2011). 
Generally two methods can be used for the computation of the fluid-particle interaction, 
(Norouzi et al. 2016): (i) the resolved Surface CFD-DEM and (ii) the unresolved Surface 
CFD-DEM. In the former case, the fluid-particle interaction is directly calculated by 
integrating the stress tensor around the particle surface, so the fluid cell size has to be 
very small, several times smaller than the particle itself. This demands a high 
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computational cost that does not allow to simulate more than few hundred particles 
(Norouzi et al. 2016). In this work, this procedure is not feasible. Using the latter 
approach, f sf − is computed by the use of semi-empirical correlations. In this way, the 
local values of the properties around the particles are not needed. Equation 4-8 is used to 
obtain average behaviour of the fluid properties in the fluid cell and not local values. In 
this case, if the cell-size of the fluid is too small, the average will be not meaningful: the 
rule of thumb is 2-3 times the particles diameter, (Müller et al. 2009). At the same time, 
if the fluid cell size is too large, the fluid resolution would lose accuracy. 
The force exerted by the fluid on the solid phase, f⃗f−s, is generally subdivided into three 
parts, (Norouzi et al. 2016), as shown in Equation 4-9, where Np,cell is the number of 
particle in the fluid cell and Vcell the volume of the latter: 
( )
p,cellN
d u l
f s i i i
i 1cell
1
f F F F
V
−
=
= + +

  Equation 4-9 (4-9) 
where 
- 
d
iF  is the steady drag force exerted by the fluid on the particles when the flow is 
steady 
-  
u
iF  is the unsteady drag force caused by the evolution in time of the boundary 
layer around the particles 
-  
l
iF  is the lift force caused by the fluid pressure gradient around the particle, 
because of the non-homogeneous fluid velocity field around it. 
Particle positions and velocity field are needed to solve the fluid equations: this is done 
by the DEM solver. DEM is based on the application of Newton’s laws of motion. By 
assuming that the mass of the particle does not change, the equations of the single i-th 
particle can be expressed as follows: 
-translation, Equation 4-10 
2
i i
i i i i i 2
dv d s
F m a m m
dt dt
= = =  
Equation 4-10 (4-10) 
-rotation, Equation 4-11 
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2
i i
i i i i i 2
d d
M I I I
dt dt
 
=  = =  
Equation 4-11 (4-11) 
where: 
- iF  is the resultant of all forces acting on the i-th particle 
- mi is the mass of i-th particle 
- a⃗i is the particle acceleration that can be expressed as the time derivative of the 
velocity, i
dv
dt
, or the time second derivative of the position vector, 
2
i
2
d s
dt
 
- M⃗⃗⃗⃗i is the resultant of all torques acting on the i-th particle 
- Ii is the moment of inertia of i-th particle relative to an axis passing through the 
centre 
- αi is the particle angular acceleration that can be expressed as the time derivative 
of the angular velocity, i
d
dt

,or the second time derivative of the angular position, 
2
i
2
d
dt
  
Forces and torques generally do not only depend on the properties of the considered 
particle but also on the values describing the state of the other particles and the fluid, thus, 
according to Norouzi et al. (2016), for a particle “i”, they are expressed as shown in 
Equation 4-12 and Equation 4-13, respectively: 
i i j flud i
j C
F F F G− −

= + +  Equation 4-12 (4-12) 
( )t r f pi i j i j i
j C
M M M M −− −

= + +  Equation 4-13 (4-13) 
where: 
- i j
j C
F−

  is the resultant of particle-particle interactions 
- F⃗⃗fluid-i is the force exerted by the fluid on the particle 
- G⃗⃗⃗ is the resultant of external field forces, the gravitational force in this case 
- ( )t ri j i j
j C
M M− −

+  is the resultant of tangential torques applied on the i-th particle 
by collision with the other j-th particle and the opposing rolling resistant torques 
 4-25 
 
Chapter 4 
    
- 
f p
iM
−
is the rotational drag of the fluid on the particle 
- C is the total number of particles interacting with the i-th particle. 
The fluid-particle force F⃗⃗fluid-i can be expressed as follows, Equation 4-14: 
d u l
flud i i i iF F F F− = + +  
Equation 4-14 (4-14) 
which terms are presented in Equation 4-9. 
In the most common two-phase flow systems, a single particle can undergo multiple 
collisions and the time during which a particle collides is not negligible; for these systems, 
the soft sphere model is used. The soft sphere model is based on the assumption that 
particles are never permanently deformed, and the contact forces are well described by 
force-displacement laws (or contact models) which link the displacement to the physical 
and kinematic parameters of the colliding bodies, (Norouzi et al. 2016).  
Generally, particle interactions may be of different nature. In this work only physical non-
cohesive/adhesive interactions are considered (given the relatively large size of the 
particles simulated). The physical interaction, as dictated by the contact model, causes a 
deformation of the contacting surfaces. Deformation is opposed by an elastic force which, 
at its peak, causes the rebounding of the two particles in order to re-establish the condition 
of no-deformation. It should be noted that the elastic deformation does not actually occur, 
but rather it is described as the overlap between the particle original geometries. 
Both forces and overlaps have normal and tangential components. The normal direction 
is the one linking the two centres of the particle while the tangential direction is 
perpendicular to the normal at the contact point. The overlap corresponding to the normal 
deformation is called normal overlap, δn, and is defined as the variation of the distance 
between the centres of the two particles along the normal direction, Equation 4-15: 
n p,i p, j j ir r x x = + − −  
Equation 4-15 (4-15) 
rp is the radius of the spherical particle and x⃗⃗ is the position vector of the centre where the 
subscripts identify the i-th and the j-th particle. On the other hand, the tangential overlap, 
δt, is caused by the tangential component of velocity once the particles are in normal 
overlap. If t0 is the initial time, when the particles are in contact only through a contact 
point, the tangential overlap will be given by Equation 4-16: 
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0
t
t
t ij
t
v dt =   Equation 4-16 (4-16) 
where 
t
ijv  is the tangential component of the relative velocity. 
The collision force is expressed as the sum of normal and tangential component as 
follows, Equation 4-17: 
n t
ij ij ijF F F= +  
Equation 4-17 (4-17) 
For the third law of motion, Equation 4-18: 
ij jiF F= −  
Equation 4-18 (4-18) 
Where ijF  is the force exerted by the i-th particle on the j-th particle. 
Analytically, a contact model is an expression that links the force to the displacement, 
usually in the following form, Equation 4-19, Equation 4-20 and Equation 4-21: 
n n,el n,dis
ij ij n ij n ijF F ( ) F ( , v )=  +   
Equation 4-19 (4-19) 
t t,el n t,dis n
ij ij t ij ij t ij ijF F ( ,F ) F ( ,F ,v )=  +   
Equation 4-20 (4-20) 
r r,el n r,dis n
ij ij ij ij ij ij ijM M ( ,F ) M ( ,F )=  +   
Equation 4-21 (4-21) 
where each force and torque are seen as the sum of an elastic and a dissipative term, 
indicated respectively, with the suffix “el” and “dis”; the latter is responsible for the 
transformation of the elastic energy into heat. The explicit numerical integration of the 
laws of motion gives the trajectories and the velocity field of the particles; it usually 
consumes the major computational energy because it requires a very small time-step. The 
choice of the time-step is subjected to some limitations according to Rayleigh criterion, 
(Burns and Hanley, 2017), as it will be discussed later on. A single time-step of the 
particle does not significantly affect the fluid resolution, so several particle time-steps can 
be performed for each fluid time step. At the beginning of the fluid time step, information 
about particle positions and velocity field is taken from the DEM solver and passed onto 
the CFD solver, the inter-phase forces are calculated so the fluid dynamics is solved; in 
the following step the new data and forces are used by the DEM software to solve the 
particle motion and calculate the new positions and velocity field. 
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4.3.4 Turbulence model 
The selection of the turbulence model is critical in the fluid resolution. A perfect 
turbulence model does not exist so different models have to be tested in order to find the 
one that best describes the actual behaviour. In the case of cyclones, researchers have 
applied different turbulence models for CFD and CFD-DEM simulations; Large Eddy 
Simulation (LES) and Reynolds Stress equation Model (RSM) are largely suggested for 
strongly swirling flows and anisotropic behaviour, as compared to other models based on 
the definition of the eddy viscosity such as k-ε and k-ω, (Raoufi et al. 2009; Elsayed and 
Lacor, 2016; Park et al. 2012; Chu et al. 2009). In this work, RSM is used, given its lower 
computational cost as compared to LES. 
In Reynolds Stress equation Model, each of the six independent components of the 
Reynolds stress tensor is calculated using its transport equation, where diffusion, 
production and dissipation terms are present. The transport equations for the Reynold 
stresses are obtained by manipulating the NS equations, but new 22 unknowns are 
generated. 
A general way to represent the transport equations for the Reynolds stresses is the 
following, Equation 4-22, (ANSYS Inc, 2014): 
( )' 'f i j
ij T,ij L,ij ij ij ij ij
u u
C D D P F
t
 
+ = + + −  +  +

 
Equation 4-22 (4-22) 
where: 
- ijC is the advective transport term 
- T,ijD is the turbulent diffusion transport term 
- L,ijD is the molecular diffusion transport term 
- ijP is the stress production 
- ij is the pressure strain 
- ij is the dissipation term 
- ijF is the production by system rotation. 
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The terms ijC , L,ijD , ijP  and ijF  do not introduce new unknowns while T,ijD , ij and ij  
need to be modelled to reduce the number of unknowns. Several assumptions allow to 
express them as a function of the mean flow field variables, except for ij  which is 
obtained by its transport equation. As a result, 7 new transport equations have to be solved 
in order to obtain a solution for the flow field in the turbulent regime. 
The use of the RSM will be validated, for the present work, by comparing the 
experimental pressure drop with that predicted by the simulation. Of course, this does not 
imply validation of the flow field inside the cyclone, but real validation of the RSM model 
for cyclones has already been carried out by other authors, (Balestrin et al. 2017; Fraser 
et al. 1997) who compared the local rather than global behaviours. 
When the CFD resolution is coupled with the DEM, the RSM have to be changed in order 
to take into account the presence of solids in the system by introducing the fluid volume 
fraction as well as the interaction between the continuous and discrete phase. The 
modified RSM is then referred to as “RSM Dispersed Turbulence Model”, (ANSYS Inc., 
2013). 
4.3.5 Contact Models 
The CFD-DEM simulations are carried out by the coupling of a CFD solver (ANSYS 
FLUENT ® V18/19) with a DEM solver (EDEM® 2017/2018). 
The models reported below are the contact models that describe particle-particle and 
particle-wall physical contacts. They are already implemented in the software EDEM®.  
4.3.5.1 Normal Force 
The Hertz model of elastic contact deformation is commonly used for the normal 
component of the contact. Hertz studied the contact between perfectly elastic spheres, 
(Dintwa et al. 2008; Hertz, 1881; Thornton and Ning, 1998), assuming that: (i) the contact 
surfaces only undergo normal forces caused by collision and they are very small respect 
the total body surface, (ii) the material is isotropic and linearly elastic in nature, (iii) the 
contact is frictionless and causes only slight deformations as compared to the radius of 
the spheres. With these assumptions and positioning the origin of the system in the first 
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contact point, Hertz formulated an ellipsoidal distribution of the pressure on the contact 
area and proposed the following equation for the normal force: 
3 3
n,el * * 2 2
ij n Hertz n
4
F E r K
3
=     
Equation 4-23 (4-23) 
where KHertz, E
* and r* are the nonlinear Hertzian-spring stiffness, the effective Young’s 
modulus and the effective radius, respectively. The latter two are defined as shown below 
in Equation 4-24 and Equation 4-25: 
22
ji
*
i j
111
E E E
− − 
= +  Equation 4-24 (4-24) 
*
p,i p, j
1 1 1
r r r
= +  
Equation 4-25 
(4-25) 
Ei/j, νi,j and p,i/ jr  are Young’s modulus, Poisson’s ratio and the radius of the i/j-th colliding 
particle, respectively. This force is valid only for the linear component of the normal 
collision force, while the dissipative viscous force, 
n,dis
ijF , is defined according to Tsuji et 
al. (1992) as shown in Equation 4-26: 
( )
1
n,dis 4
ij n n ij ijF v n=     
Equation 4-26 (4-26) 
Thus, the normal collision force can be expressed as the sum of the Hertzian contribution 
and dissipative (or damping force), according to Equation 4-19, as shown below in 
Equation 4-27: 
( )
3 1
n n,el n,dis * * 2 4
ij ij ij n ij n n ij ij ij
4
F F F E r n v n n
3
   
 = + = −  −        
 Equation 4-27 (4-27) 
The typical damping factor of the model ηn is usually expressed in terms of particle 
properties and the normal restitution coefficient en, as shown in Equation 4-28, (Tsuji et 
al. 1992; EDEM, 2014). 
( )
( )( )
n *
n Hertz
2 2
n
2.236ln e
m K
ln e
 = −
+ 
 Equation 4-28 (4-28) 
where en is the ratio between the impact normal relative velocity and that of rebound given 
in Equation 4-29 and m* is defined by Equation 4-30: 
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ij,imp ij
n
ij,rbnd ij
v n
e
v n

= −

 Equation 4-29 (4-29) 
1
*
i j
1 1
m
m m
−
 
= +  
 
 
Equation 4-30 
(4-30) 
4.3.5.2 Tangential force 
The no-slip Mindlin model is used for the tangential component of the contact (EDEM 
2.6 Theory Reference Guide), presented in Equation 4-17. This model was developed by 
Mindlin, (1949). Consistently with the definition given in Equation 4-20, the tangential 
component of the contact force is composed of an elastic and dissipative component. The 
elastic component is assumed to be proportional to the tangential overlap as follows, 
Equation 4-31: 
t,el * *
ij n t t tF 8G r K=      
Equation 4-31 (4-31) 
where Kt is the tangential stiffness, expressed as a function of the normal overlap as 
shown above in Equation 4-31; the tangential overlap is calculated according to Equation 
4-16 and the effective radius r* is evaluated using Equation 4-25, and G* is the effective 
shear modulus, defined in Equation 4-32: 
22
ji
*
i j
111
G G G
− − 
= +  Equation 4-32 (4-32) 
where Gi/j are the shear moduli of the i-th and j-th particles. 
The dissipative component is assumed to be proportional to the tangential component of 
the relative velocity ( ij ijv t ). Its expression is quite similar to the normal damping force, 
Equation 4-33: 
( )t,disij t ij ij ijF v t t= −   Equation 4-33 (4-33) 
where the characteristic expression of the damping coefficient is given by Equation 4-34: 
( )
( )( )
n *
t t
2 2
n
1.826ln e
m K
ln e
 = −
+ 
 Equation 4-34 (4-34) 
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According to Coulomb’s criterion, the no-slip condition is only verified when the 
magnitude of the tangential force is less than µs times the magnitude of the normal force 
as shown in Equation 4-35, (Cundall and Strack, 1979): 
t n
ij s ijF F   
Equation 4-35 (4-35) 
where µs is the coefficient of static friction. For this critical value, 
n
s ijF , slipping occurs. 
4.3.5.3 Torque 
During a collision, the tangential component of the particle velocity gives rise to an 
angular acceleration. If the total contact force is 
c
ijF , then the torque caused by its 
tangential contribution is given by Equation 4-36: 
t c
ij i ij ijM r n F=   
Equation 4-36 (4-36) 
In addition to this torque, for simulations in which rolling friction is important, a rolling 
resistance to the contacting surfaces must be considered. This is accounted for by 
applying a resistant torque, 
r
ijM . In this work, a constant resistant torque, as implemented 
in EDEM®, is used. Following DEM Solutions, (2014b), this is assumed to be 
proportional to the normal force as follows, Equation 4-37: 
ijr n *
ij r ij
ij
M F r

= −

 Equation 4-37 (4-37) 
where the relative angular velocity ij is calculated according to Equation 4-38 
ij i j =  −   
Equation 4-38 (4-38) 
And µr is coefficient of rolling friction, 
n
ijF  is the magnitude of the normal contact force 
and r* is the effective rolling radius calculated based on Equation 4-25.  
The reason behind the minus sign of Equation 4-37 is because the rolling resistance is 
always opposed to the relative angular velocity. 
4.3.6 Particles-Fluid Interactions 
The estimation of the particle fluid interactions is carried out through semi-empirical 
models. It needs to be considered that not all the forces acting on the particles have the 
 4-32 
 
Chapter 4 
    
same relevance because the medium is air and its density and viscosity are relatively small 
at the working conditions, (Chu et al. 2011; Wei et al. 2017). For instance, the unsteady 
drag force, 
u
iF , due to the evolution of the boundary layer thickness around the particle, 
can be neglected because of the small thickness of the gas boundary layer and the low 
density of the gas. Moreover, the lift force, 
l
iF , caused by the non-homogeneous fluid 
velocity field around particle, is neglected because of (i) the low fluid viscosity, (ii) the 
absence of very high velocity gradients around the particles and (iii) not extreme angular 
velocities of the particles. The most relevant force that has to be modelled is then the 
steady drag force, 
d
iF . Generally, two approaches are used to model the drag force for 
solids-fluid systems, (Norouzi et al. 2016): 
-correction of the drag force model for isolated particles, like the model of Wen and Yu, 
(1966); 
-packed bed based correlations, like the Ergun’s equation, (Ergun and Orning, 1949). 
The first approach is more accurate at low solids concentrations while the second one at 
high solids concentrations. The “Ergun-Wen and Yu correlation” is used here to estimate 
the drag force acting on the particles, as available in ANSYS FLUENT®. The reason 
being, the correct evaluation of the drag force in the initial dilute phase as well as the 
dense phase, which is expected to form in the conical part in proximity of the wall of the 
cyclone. The model comprises of Wen and Yu equation for a fluid volume fraction higher 
than 0.8 and Ergun equation otherwise, (ANSYS Inc., 2014).  Following what reported 
by Norouzi et al. (2016), it is common practice to normalize the drag force, 
d
iF , by the 
corresponding force for an isolated sphere in the Stokes flow regime, Equation 4-39:  
dd
id i i
i
f f p,i i f f p,i i i
FF w
N
3 d w 3 d w w
= = 
   
 
Equation 4-39 (4-39) 
where 
d
iN  is the normalized drag force, dp,i is the particle diameter, iw is the fluid-particle 
relative velocity defined as follows, Equation 4-40: 
i cell p,iw u v= −  
Equation 4-40 (4-40) 
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where p,iv  is the particle velocity and cellu  is the fluid velocity inside the fluid cell, in 
which the particle is located. 
According to “Ergun-Wen and Yu model”, the normalised drag force is expressed 
according to Equation 4-41: 
( )f
p f2 2
d f f
i
3.65D
p f f
150 1 1.75
Re         for 0.8
18 18
N
C
Re                         for 0.8
24
−
− 
+  
  
= 

  

 
Equation 4-41 (4-41) 
while the drag coefficient CD is given by Equation 4-42: 
( )0.687p p
pD
p
24
1 0.15Re            for Re 1000
ReC
0.445                                     for Re 1000

+ 
= 
 
 Equation 4-42 (4-42) 
where Rep is the characteristic particle Reynolds number defined as shown in Equation 
4-43: 
i p,i f f
p
f
w d
Re
 
=

 Equation 4-43 (4-43) 
4.3.7 Analysis of Attrition  
In the following CFD-DEM simulations, the spherical particles, do not change their size 
in the cyclone and do not lead to the formation of other particles (debris). The reason 
being, the huge computational cost required to simulate the large number of small debris 
produced and the remarkable interactions that the system would have. A cheaper 
alternative would be to consider changes in the parameters describing the interactions into 
the system, such as sliding and rolling friction as well as the attrition parameters. Further 
investigation is needed in this regard. Moreover, the mother particle size would slightly 
change after one pass through the cyclone, thus it does not affect the fluid-dynamic of the 
system. For the reasons mentioned above, the simulations are carried out with mono-
dispersed spherical particles and attrition is implemented post-simulation. 
As reported in the literature review, particle attrition in cyclones occurs following 
different mechanisms in different regions. Here, attrition is treated locally dividing the 
body of the cyclone into regions of interest where different mechanisms of breakage can 
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be applied based on the particle dynamics. In particular, referring to Figure 4-16, chipping 
is considered at the entrance regions (Region 1 and Region 2) due to the high velocity 
particle impact (particle-particle and particle-wall) while surface wear elsewhere (Region 
3 - 7) due to particles sliding against the walls towards the bottom outlet. These regions 
are reported below in Figure 4-16. 
 
Figure 4-16. Cyclone sub-division in regions of interest 
The attrition analysis is carried out using a set of simulation outcomes which are evaluated 
at each time step, for each region of interest, and under steady state conditions, throughout 
a fixed observation time. They are listed below: 
- the number of particles Np 
- the number of particles actually in contact with the walls Np,w (this is given by the 
difference of the total number of particles in the region with the total number of 
particles in an internal region having a gap with the walls equal to the particle 
size) 
- the number of particle-wall (P-W) and particle-particle (P-P) collisions Ncol 
- the single P-W and P-P relative velocity of collision vp 
- the single P-W and P-P normal component of relative collision velocity 
n
pv  
- the average normal load acting on a particle Fn 
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the extent of attrition of a k-th region is referred to as Rk while the overall cumulative 
extent of attrition, R, can be seen as a series of n-attrition events, where n is the total 
number of regions, as reported below in Equation 4-44. 
( )
n n
k k
k 1k 1
R 1 1 R ~ R
==
= − −   Equation 4-44 (4-44) 
4.3.7.1 Collisional Attrition  
Collisional breakage is computed using the chipping model of single particle breakage 
upon impact developed experimentally for washed F-CLC particles, shown below in 
Equation 4-45: 
2
2
chip chip p p p
c
p p,0
H
R = α ρ d v sinθ
K
v v



 
 
Equation 4-45 (4-45) 
where p,0v is the transition velocity from no-breakage to breakage, Equation 4-46. 
sp
p,0
chip p p2
c
b
v
H
d sin
K
=
  
 Equation 4-46 (4-46) 
Referring to a k-th region, the extent of attrition by chipping Rchip,k can be expressed as 
the summation of the P-W and P-P contribution, as shown in Equation 4-47. It is here 
assumed that P-P collisions would lead to the same breakage of a single particle impacting 
on a fixed rigid target at a velocity equal to their relative impact velocity. According to 
Ghadiri and Zhang, (2002) the contact force upon impact determines the extent of 
breakage, therefore the assumption mentioned above holds on the basis that P-P collisions 
would happen between a slow-moving particle and a faster moving particle. In such case 
the collision contact force would approach that of a single particle impacting on a fixed 
target: 
chip,k chip,pw,k col/p,pw,k col,pw,k chip,pp,k col/p,pp,k col,pp,kR R N 2R N=  +   
Equation 4-47 
(4-47) 
The equation reported above is evaluated using the steady state values of: 
a) collision relative velocity square 
2
pv  (present in chip,pwR  and chip,ppR ) 
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b) angle of collision   (present in chip,pwR  and chip,ppR ) 
c) number of collisions per particle col/pN  
d) efficiency of collision ηcol 
The last two parameters of the list account for the fact that the particle can undergo 
respectively, multiple collisions and ineffective collisions (if occurring at velocities 
below the transition velocity). 
Following the order of the previous list: 
a) the collision relative velocity square is simply obtained by averaging the square 
of the collision relative velocities above vp,0, throughout the observation time 
b) the angle of collision is obtained by averaging the angles of collisions occurring 
above vp,0, throughout the observation time. 
For a single impact, it can be expressed as shown in Equation 4-48: 
n
p
p
v
arcsin
v
 
 =   
 
 
Equation 4-48 (4-48) 
c) the number of collisions per particle Ncol/p is obtained by averaging the number of 
collisions per particle throughout the observation time.  
For a single time step, it is defined as the ratio of the frequency of collisions (Ṅcol) 
with the number flow rate of particles entering the cyclone (Ṅp,in), as shown below 
in Equation 4-49: 
col
col/p
p,in
N
N
N
=  Equation 4-49 (4-49) 
where the frequency of collisions, Ṅcol, is expressed as the number of collisions 
divided the time step, Equation 4-50: 
col
col
N
N
t
=

 Equation 4-50 (4-50) 
d) The efficiency of collision ηcol is obtained by averaging the efficiency of collisions 
throughout the observation time.  
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For a single time-step, it is defined as the total number of collisions occurring 
above the transition velocity over the total number of collisions, as shown below 
in Equation 4-51: 
p p,0
col v v
col
col
N
N

 =  
Equation 4-51 (4-51) 
4.3.7.2 Surface Wear 
Breakage by surface wear, caused by particles sliding against the walls, is evaluated using 
the model of Archard and Charj, (1953), presented in Equation. 3-2 in terms of detached 
volume as a function of a detachment efficiency factor, the normal load acting on the 
particle, the travelling distance and the material hardness. Still, referring to a k-th region, 
the extent of attrition by surface wear Rwear,k can be obtained by dividing both sides of the 
Equation. 3-2 by the particle volume, obtaining Equation 4-52: 
n
k k
wear,k wear k
F s
R y
H

=   
Equation 4-52 (4-52) 
It needs to be noted that by expressing the equation in terms of extent of breakage, the 
constant wear is no longer less than 1.  
The parameter yk is the steady state fraction of particles actually contributing to wear as 
in direct contact with the wall, due to probable multilayering at high solids loadings. It is 
defined according to Equation 4-53: 
p,w,k
k
p,k
N
y
N
=  Equation 4-53 (4-53) 
while the steady state sliding distance  is evaluated as the product of the regional residence 
time τk with the steady state particle velocity p,kv , as shown in Equation 4-54: 
k k p,ks v =   
Equation 4-54 (4-54) 
where the regional residence time, τk, is evaluated as the ratio of the number of particles 
in the region with the number flow rate entering the region, as shown in Equation 4-55: 
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p,k
k
p,in
N
N
 =  Equation 4-55 (4-55) 
The constant αwear is unknown. Therefore, this is extrapolated from the experimental data 
point obtained at 20 m s-1 and 0.1 of solids loading for F-CLC particles of 355-400 µm, 
using the parameters “Fn”, “Δs” and “y” given by the simulations. The hardness, “H”, 
needed for Equation 4-52, is evaluated experimentally for several F-CLC particles by 
means of the nano-indentation technique, as shown in Chapter 2, and equal to 5.2 GPa. 
The value of αwear is estimated to be 5.38X1010. 
4.3.8 Setup and Simulation Conditions 
The setup of the CFD-DEM simulations is discussed next, with focus on the geometry, 
meshing, criterion of convergence, particle and fluid properties, boundary conditions, 
time step and studied conditions. 
4.3.8.1 Cyclone Geometry 
The geometry of the cyclone is that used for the experimental tests, Figure 4-4, given by 
Haig et al. (2014). The geometry is reported schematically in Figure 4-17. 
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Figure 4-17. Cyclone geometry: front, perspective and top view. Units in [mm]. 
4.3.8.2 Cyclone Meshing 
To ensure an appropriate volume fraction of the cell, a cell size of at least 2-3 times the 
particle size should be used. In this case, the meshing has been quite challenging, given 
the relatively small dimension of the cyclone and the relatively large particles, in the range 
of [180-400] µm, especially considering that in the conical part the cells tend to be smaller 
because of the reduced section. For these reasons, a hexahedral structured mesh with cells 
aligned with the cyclone circumference is used. This allows to have a better fluid 
resolution with a smaller number of cells, (Slack, 2012).  
The type of mesh adopted is the so-called butterfly mesh where a square core is 
surrounded by a hexahedral mesh which adapts to the geometry. Moreover, the body is 
subdivided into 14 zones meshed independently in order to keep control on the cell size, 
as reported in Figure 4-18, using Fluent Meshing Tool®. 
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Figure 4-18. Internal structure of the mesh 
The conical body, being defined as an independent part of geometry, is connected with 
the rest by means a fluid interface where the CFD solver interpolates among their nodes. 
The basic mesh used here is made of 112832 hexahedral cells. Other two meshes are 
obtained by consecutive refinement of the previous one for the sake of the mesh 
independency analysis. 
Three meshes with different number of elements are produced by this procedure in order 
to test the mesh independency of the results. The details of the three meshes are reported 
in Table A-1. 
4.3.8.3 Methods and convergence criterion 
High order discretisation schemes are used for the equations. The hexahedral mesh allows 
to use the “Quadratic Upwind Interpolation scheme for Convective Kinematics” 
(QUICK) that is a weighted average of a second order upwind scheme and a central 
scheme. 
For the continuity equation, the PREssure STaggering Option (PRESTO) is used, as 
suggested by Slack, (2012), in order to better capture the expected high radial pressure 
gradients. The convergence criterion used here is the decrease of the normalised scaled 
residuals, as defined in Fluent, of three orders of magnitude. The initial iterations are 
carried out using the steady state solver, after which it is switched to transient, using a 
time step less than 1% of the fluid residence time, (Slack, 2012). Four-way coupling with 
the DEM solver is introduced by enabling the Dense Discrete Phase Model (DDPM) 
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which allows to account for the presence of the solids, by introducing the fluid volume 
fraction, into the Reynolds Averaged NS. Moreover, the Node Based Averaging is 
enabled to smoothen out the distribution of variables in the fluid resolution grid by mean 
of a Gaussian distribution with a width factor equal to 6, as defined in the Fluent User 
Guide, (ANSYS Inc., 2013). 
4.3.8.4 Particle and fluid properties 
For the present work, the P-P and P-W contact properties, such as coefficient of restitution 
and sliding friction are taken from the work on iron ore particles of Li et al. (2004) and 
Lu, (2015), respectively. The rolling friction coefficient is set to be relatively high, 0.5, 
because of the irregular shape of the particles, as suggested by Lu, (2015). No sensitivity 
analysis is carried out on the effect of these parameters, thus further studies are needed in 
this regard. The stiffness of the particles is often reduced from the real material properties 
to increase the time step in case of dry, non-adhesive and relatively coarse particles where 
only the contact force is dominant, (Kobayashi et al. 2013; Hærvig et al. 2017; Chu et al. 
2011). Therefore, here, the particle Young’s modulus is set to 107 Pa, as compared to the 
value calculated by nano-indentation equal to 2X1011 Pa, in order to use a larger time-
step. 
Because of the low absolute pressure change, the fluid properties can be considered to be 
uniform in the fluid domain and incompressible. 
All the parameters are reported below in Table 4-3. 
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Table 4-3. Particle and fluid parameters used in the CFD-DEM simulations 
Description Value Unit 
Particle and wall properties 
Particle density 3300 kg m-3 
Particle diameters [196, 231, 265, 327.5, 377.5] µm 
Particle Young's modulus 107 Pa 
Particle Poisson's ratio 0.30 - 
Steel density 7800 kg m-3 
Steel Young's modulus 2X1011 Pa 
Steel Poisson's ratio 0.30 - 
Particle and wall contact properties 
Particle-Particle restitution coefficient 0.40 - 
Particle-Particle friction coefficient 0.60 - 
Particle-Particle rolling friction coefficient 0.50 - 
Particle-Wall restitution coefficient 0.35 - 
Particle-Wall friction coefficient 0.50 - 
Particle-Wall rolling friction coefficient 0.50 - 
Fluid properties (air) 
Density 1.225 kg m-3 
Viscosity 1.789X10-5 Pa s 
 
4.3.8.5 Boundary Conditions 
The boundary conditions for the fluid are listed below: 
a) no-slip wall boundary condition 
b) fixed inlet velocity at the entrance of the inlet pipe 
c) the closed-wall/no-slip condition at the bottom outlet 
d) the pressure outlet at the exit of the vortex finder 
Along with the inlet velocity, the turbulence intensity and the hydraulic diameter of the 
inlet section are computed according to the definition provided by ANSYS Inc., (2014). 
About the last two points of the list (c and d), the bottom outlet can be approximated to a 
closed-wall due to obstructive effect of the catch-pot and the apex cone used in the actual 
system. Scalable wall functions are used for the near-wall treatment in order to have a 
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good resolution regardless of the position of the computational cells next to the wall 
(ANSYS Inc., 2014).  
At the fluid outlet, a uniform constant gauge pressure is fixed to 0 Pa; the absolute 
pressure does have any effect on the fluid properties, having considered incompressible 
gas. The length of the vortex finder is kept very large in order to have a minimum effect 
of the boundary condition of point “d” on the fluid dynamics inside the domain of interest.  
Consistent with the configuration of the actual system, the cyclone pressure drop is 
evaluated between the sections “B” and “C”, as shown in Figure 4-19 in terms of surface 
weighted average. 
 
Figure 4-19. Main boundary sections 
The initial condition in the cyclone is the steady state fluid flow-field without solids. The 
particles are generated in random positions in a fixed volume in proximity of the section 
“A”, next to the gas inlet. The initial particle velocity will be set to 0 m s-1, in order to 
replicate the experimental condition. The solids loading is achieved by fixing the solids 
generation rate in EDEM®. When the particles reach the bottom outlet, they escape the 
system, likewise if they reach the fluid outlet, but this is not expected. 
4.3.8.6 Time step 
The movement of a single particle within an assembly of particles is not only affected by 
the forces and torques originated by contacts with its immediate neighbouring particles, 
but also by disturbance propagations from particles not directly in contact. The particle 
displacement calculation, carried out within the time step, should be such that the 
disturbance wave does not propagate further than the immediate neighbour particle, 
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(Cundall and Strack, 1979). The speed of propagation is evaluated using the Rayleigh 
surface wave speed, based on the physical properties of the particle. By knowing the 
particle size and speed of propagation, the time of propagation can be calculated. This is 
referred to as Rayleigh time step, (Norouzi et al. 2016), shown in Equation 4-56:  
0.5
p
R p
1
T r
G 0.1631 0.8766
 
=  
 + 
 
Equation 4-56 (4-56) 
where rp is the particle radius, ρp is the density, G is the shear modulus and ν is Poisson’s 
ratio of the particle. To prevent numerical instability and ensure a realistic force 
transmission the solids time step should be smaller than this value. For dense systems 
with high coordination numbers (4 and above) a typical time-step of about 20% of TR is 
appropriate, (EDEM, 2014). Here, the solids time step is set to 2.5X10-6 s (13% TR) while 
the fluid time step is set to be 40 times higher (10-4 s). No sensitivity analysis has been 
conducted on the time step. 
4.3.8.7 Studied Conditions 
Consistently with the experimental work, the CFD-DEM study aims at elucidating the 
effect inlet gas velocity (16, 20, 24 m s-1) and solids loading (0.1, 0.3, 0.6, 1), for mono-
dispersed particles of size of 377.5 µm, on the particle dynamics in the cyclone. 
Moreover, by fixing the gas inlet velocity at 20 m s-1 and the solids loading at 0.1, the 
particle size effect is studied by using mono-dispersed particles of size of 196, 231, 265, 
327.5 and 377.5 µm. The conditions are schematically indicated in Table 4-1. 
4.3.9 Results and Discussion 
4.3.9.1 Mesh Independency and Pressure Drop Validation (CFD) 
In order to check the mesh independency, three different meshes of mean cell size of 
about 1.25, 1.05 and 0.89 mm are checked in absence of the solid phase. The parameter 
of interest is the global pressure drop. The pressure drops predicted for the three cases are 
respectively equal to 59.1, 61.7 and 62.3 mbar. The error between the coarsest and finest 
mesh is about 5%, reasonable considering the huge difference in number of cells. As a 
result, the coarser mesh is used for the CFD-DEM simulations. The main characteristics 
of the fluid flow are qualitatively and quantitatively maintained as it can be seen for the 
tangential component of the fluid velocity reported in Figure 4-20. 
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Figure 4-20. Comparison of the tangential velocity contours for differently refined meshes (inlet air velocity of 24 
m s-1) 
Validation is usually achieved by the comparison of easily measurable macroscopic 
trends. In this case, the pressure drop is used as reference parameter for the comparison 
with the measurements carried out on the actual system at different inlet gas velocity. 
Furthermore, the correlation of Shepherd and Lapple (1939) for pressure drop in a 
Stairmand cyclone, Equation 4-57, is used to check consistency. The results are reported 
in Figure 4-21 showing a global agreement. 
2
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u
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d

 =  
Equation 4-57 (4-57) 
 
Figure 4-21. Pressure drop (only fluid) obtained from experiments, simulation and the correlation of (Shepherd and 
Lapple, 1939) 
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4.3.9.2 Fluid Dynamic Verification (CFD) 
By analysing the tangential velocity profile on a central line of a section of the cylindrical 
body of the cyclone (section “C” of Figure 4-23), the typical wing trend is observed. This 
is related to the presence of the vortex in the outer wing and the forced reversed vortex at 
the core, Figure 4-22. This has been observed in literature by Slack, (2012), Slack et al. 
(2000), Raoufi et al. (2009), Liu and Liptak, (2013) and Elsayed and Lacor, (2016). In 
particular Liu and Liptak, (2013) reported that the trend of outer wing can be described 
by the following Equation 4-58: 
vntu r const=  
Equation 4-58 (4-58) 
where nv is found experimentally to be between 0.5 and 0.9. In this case, nv lies in the 
correct range being between 0.65 and 0.71. 
 
Figure 4-22. Profiles of the time averaged tangential velocity for different fluid inlet velocities 
When increasing the inlet gas velocity, a larger flow rate has to circulate in the cyclone. 
Due to presence of the outer vortex, the inner vortex is forced into a smaller radius region. 
For the momentum conservation, if the same fluid is forced to spin at a lower radius, an 
increase of the tangential velocity is expected. This is what commonly happens in the 
reverse-flow cyclones, (Song et al. 2016), and is observed here in Figure 4-23. 
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Figure 4-23. Tangential velocity at three different inlet gas velocity 
A low-pressure core is also observed at all velocities, as well as high pressure near the 
walls which increases at increasing gas velocities, Figure 4-24. This is in agreement with 
Chu et al. (2011), Elsayed, (2015), Martignoni et al. (2007) and Raoufi et al. (2008) who 
found that that the pressure gradient is mainly established in the radial direction. The 
higher magnitude of static pressure observed at high velocity is due to higher inertia of 
the vortices, induced by its high tangential velocity, which makes the fluid escape 
tangentially. 
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Figure 4-24. Contours of the gauge pressure for the three cases of inlet gas velocity 
By referring to the axial velocity contours of Figure 4-25, it is possible to notice the 
reverse flow of the inner vortex and the alternation of orientation of the radial velocity as 
reported by Song et al. (2016). 
 
Figure 4-25. Axial and radial velocity contours at different inlet gas velocity 
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4.3.9.3 Fluid and Particles Dynamic (CFD-DEM) 
4.3.9.3.1 Transient 
At the start-up, the system is empty thus a transient period is expected where the number 
of particles, the global pressure drop and the coupling force (the drag forces acting on the 
particles) changes. They are reported in Figure 4-26, for the case of 24 m s-1 for different 
solids loadings. The steady state is considered to be reached when these three variables 
do not change considerably with time. This coincides roughly with the average particle 
residence time through the cyclone.  
 
Figure 4-26. From left to right: number of particles, global pressure drop, total and average coupling force for the 
case at 24 m s-1 at different solids loadings, as a function of time. 
By referring to Figure 4-26, the increase of number of particles in the cyclone is expected 
for higher solids loading. Moreover, the decrease of the pressure drop at high solids 
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loading is also expected due to the high interaction with the solid phase and consequent 
reduction in the tangential velocity (the main contributor of the kinetic energy), (Chu et 
al. 2011). This is furtherly confirmed by the total coupling force which increases at 
increasing solids loading. However, the average coupling force (attributable to the single 
particle) decreases. When the system is diluted, the average coupling force is higher thus 
the particles are going to have higher tangential velocities and reside in the cyclone for a 
longer period, as seen from Figure 4-26. This might have severe implications on attrition 
as both impact velocity and sliding distance would increase. Similar trends are observed 
at 16 and 20 m s-1. 
For the reasons mentioned above, referring to the case at 24 m s-1, for solids loading of 
0.1 and 1, steady state is reached respectively at about 0.5 and 0.3 s. The observation time 
window where the attrition analysis is carried out is then set to be between 1 and 1.5 s. 
4.3.9.3.2 Steady State 
Here, the total number of particles in the cyclone, pressure drop (in comparison with the 
experimental results), the total coupling force and the average coupling force, at steady 
state is reported and discussed for different gas velocities and solids loading. 
As observed in the previous section, higher number of particles in the cyclone is expected 
at increasing solids loading. This also observed at increasing gas velocity, as shown in 
Figure 4-27.  
In the same figure, the pressure drops, as predicted by the simulations for different inlet 
gas velocities, are compared with that obtained by experiments showing a great 
discrepancy at increasing solids loadings. This disagreement may be due to experimental 
error during the measurements or simply the way the pressure drop is measured. 
Again, referring to Figure 4-27, the average coupling forces appear to reduce by reducing 
the inlet gas velocity and increasing the solids loading. In other words, the single particle 
interphase force is greater when the system is diluted and the gas velocity is high; on the 
other hand, this is weak when the system is concentrated, and the gas inlet velocity is low. 
The trend of the total coupling force can be explained by combining the trend of the 
average coupling force and the number of particles. 
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Figure 4-27. Under conditions of steady state, form UP left to BOTTOM right: the number of particles in the cyclone, 
the global pressure drop (EXP vs SIM), the total coupling force and the average coupling force. 
4.3.9.3.2.1 Fluid Flow Field 
In this section the trend of the tangential, axial and radial velocities and static pressure 
are discussed, at different solids loading and inlet gas velocities. By referring to the case 
at 24 m s-1, when increasing the solids loadings, the solids have a stronger dampening 
effect on the fluid tangential velocity as shown in Figure 4-28. This phenomenon is 
similarly occurring at different inlet gas velocity, as shown by Figure A-1. A dampened 
tangential velocity would have an impact on the particle impact velocities. 
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Figure 4-28. Tangential gas velocity at steady state at 24 m s-1 of gas inlet velocity at different solids loading. 
The pressure drop is dependent on the fluid kinetic energy, therefore the changes in the 
pressure contours are strongly related to the changes of tangential velocity field inside the 
cyclone, as shown in Figure 4-29. The pressure drop for the other cases are reported in 
the appendix in Figure A-2. 
 
Figure 4-29. Static pressure at steady state at 24 m s-1 of gas inlet velocity at different solids loading. 
The radial velocity contours, at all velocities and solids loading, are reported in the 
appendix section in Figure A-3. 
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The axial velocity contours, at all velocities and solids loading, are also reported in the 
Appendix section, Figure A-4, showing, at increasing solids loadings, an increase in the 
axial gas velocity due to the concentration of particles present in the conical region 
preventing the fluid to escape downwards. 
4.3.9.3.3 Solids Flow Pattern 
The particle-flow pattern, obtained from the CFD-DEM simulation, is reported and 
analysed here.  
As shown in Figure 4-30, the particles, once accelerated in the inlet pipe, enter the cyclone 
and hit the walls with an angle. Here, they most probably experience the most stressful 
event. The initial impact slows them down so, as a result, they tend to congregate at the 
walls causing important interparticle interactions. Afterwards, they start their stranded 
spiral-like descent towards the bottom outlet, sliding against the wall.  
 
Figure 4-30. Top view of a cyclone CFD-DEM simulation (case at inlet gas velocity of 16m s-1 and LR of 0.6) 
As shown by Figure 4-31, the number of turns of the particle strands tends to reduce in 
case of high solids loading. Therefore, the sliding distance is expected to be greatly 
affected by solids loading. Similar trends are observed at 16 and 20 m s-1 of inlet gas 
velocity, Figure A-5. 
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Figure 4-31. Solid flow pattern, at 24 m s-1, and different solids loadings. 
4.3.9.4 Attrition Results 
4.3.9.4.1 Parametric Analysis 
As mentioned in section 4.3.7.1, for a certain material and a fixed particle size, the 
parameters influencing collisional attrition are: (i) the impact energy, proportional to 
2
p
v sinθ , (ii)  the number of impacts per particle col/pN  and (iii) the efficiency of the impact 
ηcol. In this section, these parameters are reported and discussed for the impact dominated 
regions, “1” and “2” for both P-W and P-P collision. 
The parameters influencing surface wear are: (i) the normal load acting on the particle Fn, 
(ii) the sliding distance Δs and (iii) the fraction of wearing particles “y”. These parameters 
are reported and discussed here for the sliding dominated regions, “3 - 7”. 
4.3.9.4.1.1 Effect of Gas Inlet Velocity and Solid Loading Ratio 
- Region 1 
Figure 4-32 allows to have an overview of the collisional behaviour of “Region 
1”. In case of P-W collisions: (i) the impact energy increases with the gas inlet 
velocity and decreases with the solids loading, as expected, (ii) the number of 
collisions per particle appear to be slightly higher at lower gas inlet velocity and 
not to be affected by the solids loading, (iii) the efficiency of collision is higher 
for higher gas inlet velocity and low solids loading. 
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The most severe conditions are therefore found at high gas velocity and low solids 
loading. 
In the case of P-P collisions: (i) the impact energy increases with the gas inlet 
velocity and decreases with the solids loading, (ii) the number of collisions per 
particle greatly increases with the solids loading and appear to be independent of 
the gas inlet velocity, (iii) the efficiency of collisions is higher for higher gas inlet 
velocity and low solids loading.  
In “Region 1”, the most severe conditions are then expected to be at high gas inlet 
velocity and intermediate/high solids loading. 
 
Figure 4-32. Collisional parameters at different velocities and solids loadings, for both P-P and P-W impact, in the 
“Region 1” 
- Region 2 
For the “Region 2”, the same parameters are reported in Figure 4-33. 
In the case of P-W collisions: (i) the impact energy is much lower as compared to 
“Region 1” and constant, (ii) the number of collisions per particle appears to be 
slightly higher at lower gas inlet velocity and at low solids loading, (iii) the 
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efficiency of collision is mainly dependent on the gas inlet velocity, as shown by 
the great discrepancy between 16 and 24 m s-1, also slightly decreases with the 
solids loading.  
In the case of P-P collisions: (i) the impact energy is constant, as low as the P-W 
case, and much smaller than in “Region 1”, (ii) the number of collisions per 
particle slightly increases with the solids loading and appears to be independent 
of the gas inlet velocity, (iii) the efficiency of collision is in general very low 
(below 40%), slightly higher for higher gas inlet velocity and low solids loading. 
Severe conditions of attrition are not meaningful given the low impact energy, 
number of collisions and efficiency of collisions. 
In “Region 2”, the most severe conditions are therefore found at high gas velocity 
and low solids loading. 
 
Figure 4-33. Collisional parameters at different velocities and solids loadings, for both P-P and P-W impact, in the 
“Region 2” 
- Region 3 – 7 
Referring to Figure 4-34, at any conditions of inlet gas velocity, the average 
normal load which depends on the particle momentum and fluid tangential 
velocity, seem to slightly increase towards the last regions. At the same time, for 
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a solids loading equal to “1”, in “Region 7”, the normal load drops dramatically 
due to the increasing concentration of solids.  
The larger the centrifugal force, as compared to the sum of gravity and normal 
component of the drag force, the longer the mean path of the sliding. The sliding 
distance is in fact, larger at low solids loading and less significant at increasing 
gas inlet velocity. This effect is enhanced in the conical area due to the reaction 
of the inclined walls. 
Multilayering is expected at high solids loading. Therefore, the fraction of 
wearing particles decreases with the solids loading, and towards the bottom outlet 
because of the building concentration of solids. 
For the “Region 3-7”, the most severe conditions of attrition are found to be at 
low solids loading and high gas inlet velocity. 
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Figure 4-34. Surface wear parameters at different velocities and solids loadings, for the Regions “3-7” 
4.3.9.4.1.2 Effect of Particle Size 
The effect of particle size on the parameters discussed in the previous section are reported 
and analysed here, for the case of 20 m s-1 gas inlet velocity and 0.1 solids loading. 
- Region 1 
In the case of P-W collisions, small particles have a higher impact energy as well 
as a higher collision efficiency. In terms of number of collisions, it seems that 
there is no great difference between particles of different sizes. 
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P-P collisions are less significant in terms of actual number of collisions 
experienced (around 1), due to the diluted system. Even though both particle 
impact energy and the efficiency of collision are high. The former is higher for 
smaller particles. 
For “Region 1”, the most severe conditions are expected for small particle sizes. 
 
Figure 4-35. Collisional parameters for different particle sizes, at 20 m s-1 and 0.1 solids loading, for both P-P and P-
W impact, in the “Region 1” 
- Region 2 
In “Region 2” the impact conditions are even less severe than “Region 1”, in 
particular, the impact energy is low for both P-W and P-P cases, still slightly 
dependent on the particle size. The number of P-W collisions is high as well as 
their efficiency. The opposite trend is observed for P-P case.  
For “Region 2”, the most severe conditions are expected for small particle size. 
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Figure 4-36. Collisional parameters for different particle sizes, at 20 m s-1 and 0.1 solids loading, for both P-P and P-
W impact, in the “Region 2” 
The strong dependency with the particle size on the impact conditions, particularly in the 
“Region 1”, is elucidated in the next section by the particle velocity analysis in the inlet 
pipe of the cyclone. 
- Region 3-7 
Analysing the parameters responsible for surface wear as induced by particle 
sliding against the walls, for different particle sizes, it appears that the average 
normal load acting on the particle is greater for larger particles. This is expected 
because of their higher mass; the normal load tends to increase towards the bottom 
as well as the sliding distance due to the axial component of the wall reaction. The 
sliding distance seem to have no dependency with the particle size. A great 
difference is noticed instead for the fraction of wearing particles, much higher for 
larger particles, again due to their mass, they are more effectively pushed onto the 
walls. Small particle sizes tend to accumulate on the walls in the conical region as 
shown in the figure.  
For “Region 3-7”, the most severe conditions are expected for large particle sizes 
at the towards the conical body of the cyclone. 
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Figure 4-37. Surface wear parameters for different particle sizes, at 20 m s-1 and 0.1 solids loading, for the Regions 
“3-7” 
4.3.9.4.1.3 Effect of Pipe Length and Particle Size on Particle Velocity at the 
Entrance of the Cyclone 
The higher impact energy of the small particles is caused by entrance effects. They arrive 
at the cyclone with a higher velocity. A CFD-DEM study is carried out to evaluate the 
influence of the inlet pipe length for different solids loadings, for a mixture of particles 
with different sizes and density equal to that of F-CLC. The analysis revealed that the 
particles are subjected to acceleration at the beginning of the inlet pipe and then slowly 
increases their velocity, as shown below by Figure 4-38.  
 
Figure 4-38. Average particle velocity in the inlet pipe for different monodispersed particle sizes (from 196 to 377.5 
µm), at 20 m s-1 and solids loading of 0.1 
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CFD-DEM investigation demonstrated that this takes place at both low and high solids 
loading, as shown by Figure A-6 and Figure A-7; the figures show the particle average 
velocity for a mixture of different sizes (196 to 377.5 µm) for a solids loading of 0.1 and 
10, respectively. For the particle density and size range used, the analysis shows that there 
is a difference in particle velocity for different particle size regardless of the solids loading 
and whether they are in a mixture or not. This has inevitable implications on the 
collisional attrition as demonstrated from the parametric analysis discussed above. 
Using the particle velocities of different particle sizes, for different gas inlet velocities, at 
different length of the inlet pipe, a correlation is developed using the mathematical form 
of the model of Micaelis & Menten kinetic rate for enzymatic reactions, (Dowd and 
Riggs, 1965), because of the mathematical similarity of the particle acceleration zone and 
the its maximum entrance velocity (length independent), with the substrate dependent 
kinetic rate and its maximum value (substrate concentration independent). The correlation 
is shown below in Equation 4-59: 
( )
p p
max
p,cyc,in p cyc,in
p p
max
LA (d )
L
v d u
LB (d )
L
 
 =
 + 
 
 Equation 4-59 (4-59) 
where Ap and Bp are function of particle size in the following way  
( ) 0.136p p pA d 1.134 d−=  Equation 4-60 (4-60) 
( ) 4 1.181p p pB d 1.186 10 d−=   Equation 4-61 (4-61) 
and Lmax is equal to 1 m. The correlation is represented by the continuous red line in 
Figure 4-39 while the markers are the CFD-DEM velocities values for different particle 
sizes at 20 m s-1 of gas inlet velocity. Figure 4-40 shows the particle velocity at L=Lmax, 
for different particle sizes and gas inlet velocities as predicted by the correlation. The 
latter does not consider the effect of the solids loading and particle density so its 
applicability should be limited for similar particle densities and sizes to those used here. 
By insertion of Equation 4-59 into the experimental model of particle attrition in the 
cyclone, shown in Equation 4-3, the particle extent of attrition in the cyclone can be 
expressed as a function particle entrance velocity (which is a function of particle size). In 
this way the particle size power index would change from -1 to 3. 
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Figure 4-39. The markers represent the average particle velocity in the inlet pipe of the cyclone at 20 m s-1 and 0.1 
solids loading and different particle size. The continuous line represents the correlation Equation 4-59 
 
Figure 4-40. Particle entrance velocity at the cyclone for different particle sizes and gas inlet velocity as predicted by 
the correlation 
4.3.9.4.2 Regional Attrition 
Recalling the parametric analysis of the previous section, an increase of attrition with the 
gas velocity and at low solids loading is expected. In this section, the extent of attrition 
of each region is reported as a function of these two variables to check their relative 
importance. In particular, in Figure 4-41, Rk is shown for a fixed particle size of 377.5 
µm. It is clear that the “Region 1” appears to be the region with the most severe 
conditions, at any solids loading and gas inlet velocity. This is expected given the high 
particle velocity at the entrance. A decrease of attrition is observed towards the end of the 
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cylindrical body of the cyclone (Region 3 and 4). These are in fact regions of transition, 
where the impact velocity is always ineffective towards breakage and the particles begin 
their sliding towards the bottom outlet as strands of solids. Attrition tends to increase in 
the conical body of the cyclone because the particles are travelling along longer paths 
experiencing extensive surface abrasion. For all cases, the collisional attrition is much 
larger than surface abrasion. 
 
Figure 4-41. Regional extent of attriiton, Rk, for a particle size of 377.5 µm and as a function of gas inlet velocity and 
solids loading 
Figure 4-42 shows the regional attrition for different particle sizes, from 196 to 377.5 µm 
at 20 m s-1 and 0.1. The graph elucidates the strong dependency with the particle size. 
Attrition in the impact dominated regions decrease with the particle size while the 
opposite is observed in the sliding dominated regions. The magnitude of the collisional 
attrition is about one order of magnitude larger than surface abrasion. The dependency 
with particle size of the overall attrition in the cyclone is then expected to resemble that 
of the dominant mechanism, in this case chipping upon particle impacts. 
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Figure 4-42. Regional extent of attriiton, Rk, for different particle sizes at 20 m s-1 gas inlet velocity and 0.1 solids 
loading 
4.3.9.4.3 Main Causes of Attrition 
Another important aspect is to understand the proportional contribution to attrition as 
induced from P-W and P-P collisions and surface abrasion, at different conditions of gas 
inlet velocity and solids loadings. Below, in Figure 4-43, this is reported in terms of 
percentage fraction for the case of the fixed particle size of 377.5 µm.  
 
Figure 4-43. Percentage fraction of attrition contribution from different sources: P-W and P-P collisions and surface 
abrasion, as a function of gas inlet velocity and solids loading for a fixed particle size of 377.5 µm 
It is clear that, at all conditions, the P-W collisions are the main cause of attrition. When 
increasing the solids loading, as it could be expected, the P-P collisions become more 
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significant, taking over the contribution given by surface abrasion. The latter is the second 
main cause of attrition at low solids loading. 
The same analysis is carried out for different particle size and reported in Figure 4-44. 
The figure shows that the contribution given by P-W collisions increases by reducing the 
particle size. This is a direct consequence of the particle entrance velocity for different 
particle sizes, as explained previously. The contribution of surface abrasion, on the other 
hand, reduces by reducing the particle size.  
 
Figure 4-44. Percentage fraction of attrition contribution from different sources: P-W and P-P collisions and surface 
abrasion, at 20 m s-1 of gas inlet velocity and 0.1 of solids loading, for different particle sizes, from 196 to 377.5 µm 
The overall attrition in the cyclone can be further analysed by considering the collisional 
and abrasion sources separately as a function of the gas inlet velocity, the solids loading 
and particle size. Figure 4-45 shows the extent of attrition induced by the two sources for 
a fixed particle size of 377.5 µm confirming the collisional attrition to be the dominant 
mechanism because of its higher order of magnitude.  
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Figure 4-45. Collisional and surface abrasion attrition as a function of gas inlet velocity and solids loading for a fixed 
particle size of 377.5 µm 
Attrition caused by both particles collisions and surface abrasion by sliding against the 
walls always increases with gas inlet velocity and with decreasing solids loading. If a 
power function is fitted to the attrition induced by surface abrasion with the solids loading, 
a power index of about -0.5 is obtained. This is comparable with the dependency reported 
by Reppenhagen and Werther, (2000). 
As far as the dependency on particle size is concerned, as explained previously, it is 
inversely proportional to the collisional attrition and linearly proportional to the surface 
abrasion, Figure 4-46. 
 
Figure 4-46. Collisional and surface abrasion attrition at 20 m s-1 of gas inlet velocity and 0.1 of solids loading, for 
different particle sizes, from 196 to 377.5 
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4.3.9.4.4 Comparison with the Experimental Results 
The overall extent of attrition in the cyclone, R, and the attrition rates are reported in 
Figure 4-47. The attrition rate is given by product of the extent of attrition and the inlet 
solids flow rate, 
att,cyc s,cyc,in
m Rm= .  
 
Figure 4-47. Comparison of the overall extent of attrition obtained by CFD-DEM study with the experimental results 
The figure shows a fair agreement with the experimental results. This is remarkable 
because it confirms the validity of the methodology, the CFD-DEM simulations and the 
single particle models. 
It is also important to understand the different trend of the extent of attrition as compared 
with the attrition rate. The attrition rate is higher for high solids loading simply because 
the rate of solids entering the cyclone is higher, therefore producing attrition more rapidly. 
The power dependencies of the gas inlet velocity, solids loading and particle size are 
obtained and compared below, in Table 4-4, showing a remarkable agreement with the 
experimental results. It is important to notice the agreement of the power indices of the 
gas inlet velocity and solids loading of Reppenhagen and Werther, (2000) with those 
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obtained here by only considering the surface abrasion contribution. This can be a 
coincidence or better explained by recalling the way the authors measured attrition, 
mentioned in the literature review. They define attrition in terms of mass loss collected 
by the filter, therefore only the very fine particles, mainly produced by surface abrasion, 
are considered. 
Table 4-4. Power dependency of particle size, gas inlet velocity and solids loading: as obtained from the experiments 
and CFD-DEM+single particle breakage in comparison with the model of (Reppenhagen and Werther, 2000) 
material comments dp^ ucyc,in^ µ^ 
FCC (full PSD) 
(Reppenhagen and Werther, 2000) 
Experimental 
1 2 -0.5 
MnO2 (fixed size) Experimental -0.9 2.8 -0.2 
MnO2 (fixed size) CFD-DEM+[Chipping, Surface Abrasion] -0.9 2.9 -0.3 
MnO2 (fixed size) CFD-DEM+[Chipping] -1.2 2.9 -0.2 
MnO2 (fixed size) CFD-DEM+[Surface Abrasion] 2.5 2.1 -0.5 
 
The graph below, Figure 4-48, shows the extent of attrition plotted against the group 
αH/kc2ucyc,in3dp-1µ-0.2  obtained by both experiments and simulations, unifying the results 
on a universal line. The trend is not expected to be the same if the particles of different 
sizes enter the cyclone at the same velocity, so the conclusion is unique to the set up and 
material used here. 
 
Figure 4-48. Overall cyclone extent of attrition plotted against the group αH/kc2ucyc,in3dp-1µ-0.2: comparison between 
experimental and simulation results 
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4.4 Concluding Remarks 
4.4.1 Experimental 
Particle attrition in cyclone is evaluated experimentally for washed F-CLC particles using 
a high efficiency Stairmand cyclone. The experimental setup is similar to that used by 
Reppenhagen and Werther, (2000) where the cyclone is operated in suction mode so that 
the solids can be fed at the inlet pipe through a vibratory feeder. The extent of attrition is 
measured after each pass for a total of 20 passes. The effect of three main variables is 
studied, namely the gas inlet velocity (varied from 12 to 24 m s-1), the solids loading 
(varied from 0.1 to 1) and the particle size (from 180 to 400 µm).  
The experimental results show a decreasing of the extent of attrition with the number of 
passes. This behaviour is found the be the consequence of the accumulation of fines 
around the cyclone walls which mitigates attrition. Moreover, attrition is found to increase 
with the gas inlet velocity and decrease with the solids loading and particle size. The 
effect of particle size can be explained by accounting for the particles entrance effect, i.e. 
the pipe length is not sufficiently long to ensure a comparable entrance velocity for 
different particle sizes and as a result, small particles enter and impact with higher energy. 
More insights are given, in this regard, from the CFD-DEM analysis.  
The Schumann’s plot of the most severe cases reveal that the breakage pattern is 
determined by surface damage, i.e. chipping and surface abrasion. However, the PSD of 
debris at all conditions show the presence of some fragments.  
The power indices of the gas inlet velocity, solids loading and particle size are found to 
be around 3, -0.2 and -1, respectively. By fitting with a straight line all data sets against 
the lumped parameter containing these dependencies and the single particle breakability 
index, the cyclone incipient velocity for attrition is defined as a function of the solids 
loading and particle size. 
4.4.2 CFD-DEM 
Four-way coupling CFD-DEM simulations of the same cyclone used for the experimental 
work are used to analyse the particles dynamics in such system. Mechanistic models for 
single particle breakage, describing breakage by chipping upon impact and surface 
abrasion for particles sliding against the wall, are used in combination with the 
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simulations to predict the local and overall attrition in the cyclone. Consistent with the 
experimental work, the effect of gas inlet velocity, solids loading and particle size is 
analysed.  
A mesh independency study is carried out beforehand with reference on the global 
cyclone pressure drop which is found to be in good agreement with the experimental 
values. CFD simulations are carried out at different gas inlet velocity for verification 
purposes with the literature. The velocity profiles as well as the static pressure are found 
to have the typical established behaviour of a reverse flow cyclone. The conditions 
simulated in the CFD-DEM cases are the same as of the experimental work, except for 
the case at 12 m s-1, using monodispersed spheres of same density as F-CLC.  
The particle behaviour in the cyclone clearly reveals two mechanisms by which attrition 
occurs: (i) particle impact in the proximity of the entrance regions, and (ii) particle sliding 
against the wall along the cylindrical and conical body of the cyclone. The body of the 
cyclone is therefore subdivided into seven regions where different models of breakage 
are applied based on the particle dynamics at steady state. The particles dynamics are 
quantitatively described by the following parameters: particle impact energy and angle, 
number of P-W and P-P collisions, sliding distance and normal load acting on the particle. 
P-W collisions in the entrance regions are found to be the main cause of attrition at low 
solids loading, however P-P collisions become as important as the former in case of high 
solids loading. Moreover, collisional attrition in the entrance region is found to decrease 
with the particle size. Small particles enter the cyclone at higher velocities and thus break 
to larger extent. A CFD-DEM analysis on the average particle velocity at the inlet pipe, 
at solids loading such as 0.1 and 10, for a mixture of different sizes and lengths of pipe, 
revealed that, although small, there is always a difference in entrance velocity for particles 
of different sizes. This is probably because the analysis has been carried out with 
relatively large and heavy particles. Thus, this conclusion is strictly valid for the range of 
particle sizes and density used in this work. 
Particles sliding along the walls causes surface abrasion in the conical part of the cyclone 
mainly because the particles travel for longer paths. This occurrence is enhanced as the 
particle size is increased.  
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Collisional attrition is in general much greater than surface abrasion, dictating, in this 
way, the power dependencies of the three variables studied here: gas inlet velocity, solids 
loading and particle size. They are respectively equal to 2.9, -0.3 and -0.9, in good 
agreement with the experimental ones.  
If only the attrition produced by surface abrasion is considered, the power indices 
resemble those found experimentally by Reppenhagen and Werther, (2000) who 
measured attrition, using FCC catalyst, as the steady state loss rate and therefore might 
have considered only the very fine parts of debris which are generated by surface 
abrasion.  
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5. JET ATTRITION IN FLUIDISED BEDS 
CHAPTER 5 
An extensive literature review about the fundamentals of jet attrition in fluidised beds is 
initially given. The various approaches and apparatus used to assess jet attrition are also 
discussed. It follows the description of the experimental setup and methodology used here 
to evaluate the jet attrition for F-CLC and E-CLC. The focus being establishing the 
dependency of jet attrition on jet velocity, orifice size and temperature. Attrition 
correlations are developed in order to be used later on in the population balance as 
breakage kernels.  
This experimental work was carried out at IFP Energies Nouvelles’s facilities across the 
3rd and 4th year of this PhD project.  
A CFD-DEM analysis of jet attrition on a small-scale simplified case is also carried out, 
and reported in the appendix section as incipient for further work. 
5.1 Literature Review 
5.1.1 Jet Induced Attrition 
In a fluidised bed, the solids immediately surrounding the gas jets issuing from the 
perforated distributor, are entrained into the jets core. These particles are accelerated and 
collide with the particles near the tip of the jet. The production rate of fines for a single 
jet is independent of the mass of the fluidised bed surrounding it as long as is completely 
immersed in the bed, (Werther and Xi, 1993). Figure 5-1 depicts how the particles are 
peaked up and slammed into the fluidised bed, for an upwardly directed jet. Jet attrition 
only affects part of the bed which is limited by the jet penetration length. 
 5-2 
 
Chapter 5 
    
 
Figure 5-1. The mechanism of particle attrition in the jet region, (Karri and Werther, 2003) 
It is usually difficult to separate the effect of jet attrition with that of the bubbling bed 
because the two phenomena are linked. Werther and Xi, (1993) tried to study the two 
phenomena separately. They used FCC catalyst and a Gwyn-type test apparatus, (Gwyn, 
1969), where the porous plate is integrated with a fed nozzle. Measuring attrition in terms 
of fine loss, they fluidised the bed by the porous distributor and then by the fed nozzle 
and porous distributor together, keeping the same superficial velocity. Subtracting the 
two attrition rates, they worked out the jet induced attrition. They also found that, at 
steady state conditions, pure abrasion is the dominant mechanism of attrition in the jet 
region and thus developed a model considering the attrition rate to be a linear function of 
the rate of kinetic energy input of the gas equal to 
2
jet
f
u
m
2
, leading to an overall 
dependency to the gas jet velocity of the power of 3, since 
2
or
f f jet
d
m u
4

=  . The model 
is shown in Equation 5-1. 
2 3
jet or jet p p or jetr = n C d d u  
Equation 5-1 (5-1) 
where nor is the number of orifices, Cj a constant of attrition, ρp the particle density and 
dor the orifice diameter.  
Ghadiri et al. (1994) further investigated this dependency considering the jet attrition to 
arise from particles colliding with a slow-moving bed of particles at the top of the jet. 
They recognised attrition in the jet region to be the result of two fundamental 
contributions: (i) the particle physical properties which dictate the dependence of attrition 
on impact velocity, and (ii) the jet hydrodynamics which dictate the particle velocity in 
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the jet and rate of entrainment of the particles into the jet. Therefore, they used the single 
particle impact test of Zhang and Ghadiri (2002) to evaluate the single particle breakage 
propensity of the same FCC catalyst of Werther and Xi (1993), then calculated the jet 
length using the correlation of Yates et al. (1986). They used these information in 
combination with the model of jet hydrodynamics of Donsi et al. (1980), to work out the 
maximum velocity of the particles at the top of the jet length for a range of gas velocity 
of 25-100 m s-1. Their analysis suggested a power index of the orifice velocity of 3.55 
which is in fair agreement with Werther and Xi, (1993) who suggested 3.  
Ghadiri et al.(1992) also studied attrition of Geldart group B particles such as common 
salt crystals using a Forsythe and Hertwig apparatus, (Forsythe WL, 1949), finding the 
power index to be different from FCC catalyst and equal to 5.1. This might be due to 
different particle dynamics such as rate of entrainment within the jet and frequency of 
collisions dictating, in this way, the overall power dependencies. 
Zhang et al. (1998) and Boerefijn et al. (1998) studied the effect of the orifice size, dor, 
and confirmed the assumption of Ghadiri et al. (1994), about attrition arising from inter-
particle collision at the top of the jet, under the condition that the particle size is much 
smaller than the size of the orifice. On the contrary, when the orifice size is comparable 
with the particle size, the particles are subjected to rapid bulk shear. Figure 5-2 illustrates 
how, according to Boerefijn et al. (2000), the orifice-to-particle size ratio, dor/dp, can 
affect the breakage mechanism of FCC particles. In particular, they found the power of 
the orifice size to be 1.63 and 0.63 for fresh and equilibrium FCC catalyst, respectively. 
This is in contrast with Werther and Xi, (1993) and Zenz and Kelleher, (1980) who both 
found a power index of 2, for equilibrium FCC catalyst and fresh HA-HPV. 
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Figure 5-2. Breakage mechanism of FCC. (a) small dor/dp, fresh FCC; (b) dor/dp, used FCC; (c) large dor/dp, fresh FCC; 
and (d) large dor/dp, used FCC, Boerefijn et al. (2000) 
Zhang et al. (2016) characterised experimentally the overall attrition rate of a fluidised 
bed of both group A and B particles as the summation of bubble-induced and jet-induced 
attrition. The jet attrition, for group B particles, was found to correlate with both the 
orifice velocity, and the orifice size to the power of 2, as shown in Equation 5-2. 
2 2
jet jet or or jetr C n d u=  
Equation 5-2 (5-2) 
where Cjet is the attrition constant. 
The same square dependency on the jet velocity is found by Chen et al. (1980) who 
studied the jet attrition of iron ore and lignite char using the same setup of Werther and 
Xi, (1993), a single jet, of size range between 1.47 to 3.18 mm, at the centre of a porous 
distributor. 
Asiedu-Boateng et al. (2016) introduced the critical jet velocity below which attrition is 
negligible. Depending on this value, the fitting of the experimental results can give the 
power index of the normalised excess jet velocity from 2 to 4. Although the particle size 
dependency is not in the model, they obtained more attrition for larger particles 
supporting the findings of Werther and Xi (1993) and Boerefijn et al. (2000) who found 
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a linear relationship with the particle size, dp. This is also in accordance with Welt et al. 
(1977) who, like Ghadiri et al. (1994), assumed jet attrition as mainly originated from 
particle colliding at the same velocity and hence obtain the linear dependency with 
particles size as given by the ratio of kinetic energy upon impact, proportional to dp
3, and 
the surface area formation by particle fracturing, proportional to dp
2. This is in contrast 
with Jones et al. (2017) who, using the ASTM standard attrition apparatus, found smaller 
particles of pumice to be more prone to attrition than large particles given their higher 
propensity of being entrained within the gas jet.  
Temperature and pressure also effect jet attrition. When increasing the temperature, the 
gas jet momentum which is responsible for attrition (proportional to ρf·ujet) decreases, 
because for the same jet velocity, the gas density decreases. Thus, the jet penetration 
decreases and so does attrition. Similarly when the pressure is increased, the gas density 
increases, gas jet momentum increases and so do the jet penetration length and attrition, 
(Karri and Werther, 2003). 
5.1.2 Bubbling Bed Induced Attrition  
Particle attrition in the bubbling bed is caused by the rise of bubbles through the bed and 
generated by low velocity inter-particle collisions. It occurs only after the minimum 
fluidisation velocity is exceeded, (Arena et al. 1983). Therefore, the kinetic energy 
received by particles can be attributed to that portion of the gas energy exceeding 
minimum fluidisation. This phenomenon is enhanced in deep fluidised beds, with several 
meters of height, (Yang, 2003), however it is a minor source of attrition in the riser where 
the regime is fast fluidisation, (Kunii and Levenspiel, 1991). The most common approach 
to measure bubble-induced attrition is by using a porous plate as distributor avoiding any 
grid jets. Merrick and Highley, (1974) developed a theoretical model based on the 
proportionality between the rate of energy input and the rate of creation of new surface 
by abrasion. The total rate of input of energy to the bubbling bed is equal to usup·mbed·g 
and is given by the product of the volumetric flow rate (equal to usup·Abed) with the 
pressure drop, expressed as the weight of the bed divided the bed cross section (mbed/Abed). 
By subtracting the rate of energy needed to keep the solids fluidised, the rate of input 
energy available for bubble formation, and thus attrition, is given by the excess gas 
velocity leading to the following attrition rate expression, Equation 5-3 
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bb bb bed sup mfr = C m (u - u )  
Equation 5-3 (5-3) 
where Cbb is an attrition constant and mbed is the bed mass. Zhang et al. (2016) 
experimentally confirmed this model and introduced the bed diameter into the model, 
dbed, as shown in Equation 5-4 
bed
bb bb sup mf
bed
m
r = C (u - u )
d
  Equation 5-4 (5-4) 
where Cbb is an attrition constant and γ is a non-dimensional bubble-through factor. 
Moreover, the authors found rbb to have an inverse proportionality with particle size for 
both Geldart group A and B particles, contradicting the direct proportionality proposed 
by Xi, (1993) with FCC catalyst. 
Werther et al. (1999) assessed the bubbling bed attrition using a Gwyn type fluidised bed 
apparatus, (Gwyn, 1969), and fresh FCC catalyst finding it to be a function of the excess 
gas velocity to the power of 3, (usup-umf)
3, and linearly dependent with the bed mass. The 
model was then improved by Xi, (1993), introducing a linear dependency on particle size, 
as shown below in Equation 5-5:  
3
bb bb p bed sup mfr = C d m (u - u )  
Equation 5-5 (5-5) 
On the contrary, Donsi et al. (1981), Arena et al. (1983), Ray and Jiang, (1987), Chirone 
et al. (1991)  found the bubbling bed attrition to be a function of the exposed surface area 
of the bed proportional to the mass of the bed over the bed Sauter mean diameter, 
mbed/dp,saut. The normalised attrition rate, Ṙbb, obtained by normalising with mbed, would 
then return an inverse relationship with particle size, as shown below: 
sup mf
bb
p
(u - u )
R
d
  Equation 5-6 (5-6) 
There is still a dispute though regarding the dependence of the bed height as, for example,  
Pis et al. (1991) found that the bed height is not influential on the attrition rate, while the 
models reported previously clearly show a linear dependency on the bed mass, which 
reflects the height of the bed. 
As appeared by this literature survey, most of the bubble-induced attrition rates can be 
summarised in the following form: 
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h m n
bb bb p bed sup mfr = C d m (u - u )  
Equation 5-7 (5-7) 
5.1.3 Assessment of Jet and Bubbling Bed Induced Attrition 
Assessment of particle attrition at the bulk level due to the jet and the bubbling bed is 
mainly carried out in lab scale fluidised bed apparatus reasonably resembling the attrition 
mechanisms of a real process. Other bulk tests are useful to compare the relative attrition 
resistance of different material, like the jet cup. Attrition, as reported next, can be 
measured in different ways. In case of fluidised bed tests, it is usually given by the steady 
state loss rate while in many other applications either by the increase of fines extent by 
sieving analysis or by the increase of the surface area. 
The jet cup consists of a small cup which confines the solids and provides a high velocity 
air flow issued tangentially into the cup for a certain period of time, Figure 5-3 
 
Figure 5-3. Grace-Davison jet cup, (Pell, 1990) 
Dessalces et al. (1994) consider that the stress occurring in the jet cup is similar to that 
prevailing in gas cyclones. In the Grace-Davison type the Davison Index (DI) is 
determined by measuring the increase in the weight fraction of particles below 20 µm in 
one hour, Yang (2003). Often the jet cup is customised. Ray Cocco et al.( 2010) proposed 
a cylindrical and conical jet cup. Amblard et al. (2015) compared the attrition results for 
an equilibrium FCC catalyst and fresh oxygen carrier particles using a customised Jet Cup 
which prevailing stresses were revealed by a CFD simulation. They defined a new 
attrition index that is based on the total percentage of particles generated by attrition 
which is called TPGI (Total Particles Generated Index). The TPGI was found to increase 
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at increasing air jet velocity. Further increase of the latter would lead to a more severe 
type of attrition as demonstrated by the change in slope of the attrition index. The 
experiments assessed that the oxygen carrier resulted to be more resistant than the FCC 
catalyst. By CFD analysis they concluded that different materials undergo the same 
stresses if the same volume of solids is used. Rydén et al. (2014) used a customised jet-
cup to test the attrition resistance of 25 types of fresh and equilibrium CLC oxygen 
carriers, admitting themselves that the crushing strength is not a good index of attrition. 
They concluded that there is always a difference in attrition between fresh and equilibrium 
material, generally being the fresh material usually more prone to breakage. They refer to 
the normalised attrition rate as Atot and Ai: 
( )
( )
tot filter,t 60min f ,t 0 solids
i filter,t 60min f ,t 30min solids
A 100 m m / m
60
A 100 m m / m
30
= =
= =
= −
= −
 
Equation 5-8 (5-8) 
where mfilter,t is the weight of the filter at a certain time and msolids the total mass of solids 
used. 
Ai and Atot were found to have a linear trend at steady state for both fresh and equilibrium 
material, as shown in Figure 5-4. The difference between the fresh and equilibrium 
material, even though they have the same chemical composition, can be due to change in 
particle porosity and therefore density caused by densification due to thermal sintering. 
 
Figure 5-4. Attrition curve of fresh C4Z-950 and fresh Grace-Fe2O3 particles, obtained by (Rydén et al. 2014), using a 
customised jet cup 
Fluidised bed tests are usually used for both purposes of evaluating the catalyst friability, 
Forsythe et al. (1949), and investigating the attrition mechanism, Werther (1993). The 
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principle is to create high attrition rates in the catalyst bed by issuing high-velocity gas 
jets for a short period of time. It should be noted that using this method, a direct 
comparison between different materials is not straightforward even if the gas flow and 
the temperature are kept constant, because the density of the particles affects their 
propensity to be elutriated. The majority of tests are carried out with (i) the AJI-ASTM 
standard test equipment, (ASTM, 2013), (ii) the Forsythe apparatus of Forsythe et al. 
(1949) and (iii) the Gwyn-type apparatus of Gwyn (1969). The former and the latter are 
equipped with three orifices of diameter of 0.381 and 1 mm, respectively. In both cases 
the attrition index is given by the steady state elutriation rate. In particular the ASTM 
standard test defines attrition, the AJI index, as the ratio of the mass of fines collected 
after 5 hours of operation and the mass of sample loaded in the apparatus, as shown in 
Equation 5-9: 
fines,5h
solids
m
AJI 100
m
=   Equation 5-9 (5-9) 
On the other hand, the Forsythe’s apparatus is provided with a single orifice and the 
attrition index is given by the percentage increase of mass of particles smaller than 44 
µm, obtained by sieving. The elutriated fines in this case are not removed from the system 
therefore might alter attrition by cushioning effect. 
 
Figure 5-5. a) Forsythe and Hertwig apparatus. b) Gwyn-type jet test 
It is common practice to use in-house built apparatus for attrition test. Materic et al. (2014) 
developed an ICFB (internally circulating fluidised bed) to evaluate particle attrition 
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occurring in the calcium looping sorbents. Linderholm et al. (2009) used a lab scale 
circulating fluidised bed at both cold and hot temperature to measure attrition. 
Cabello et al. (2016) compared the attrition resistance of 23 CLC candidate oxygen 
carriers by testing them in a 500 Wth CLC hot pilot plant working out the normalised 
attrition rate as reported in Equation 5-10:  
fines
bed
m
A 3600 100
m t
=  

 Equation 5-10 (5-10) 
where mfines is the weight of the elutriated particles of size lower than 45 µm, mbed is the 
total weight of solids inventory in the plant and Δt is the interval of time. 
They had preliminarily analysed their crushing strength using the Shimpo FGN–5X 
apparatus and attrition by mean the AJI-ASTM test. Using the latter, they found that the 
steady state attrition rate is achieved after 20 h, for the fresh copper-based oxygen carrier. 
In general, all the oxygen carrier types, mainly nickel, copper and iron-based show an 
increase in the AJI index after they have been processed in the CLC hot pilot, except for 
the manganese-based. This can be due change in mechanical properties caused by the 
chemical reaction and thermal stresses. 
The fresh materials analysis reveals that three Fe-based and all Mn-based oxygen carriers 
resulted to be the worst candidates as determined by their low crushing strength and high 
AJI index. 
5.1.4 Computational Modelling 
Computational modelling has been widely used recently to simulate complex systems. 
CFD-DEM was used by Xu and Yu, (1997) to simulate a pseudo-three dimensional bed, 
fluidised by a central jet. Xu et al. (2014) used CFD-DEM to simulate the reduction in 
particle size due to attrition in a 2D jet cup by using the chipping model of Ghadiri and 
Zhang, (2002) and surface abrasion of Archard and Charj, (1953) calculating the new 
particle size after attrition as shown below: 
( )
1/3
new old
p p GZ Ad d 1 R R= − −  
Equation 5-11 (5-11) 
and investigated the effect of the jet velocity, particle density and size. Fries et al. (2013) 
used CFD-DEM simulations to describe the collision dynamics in a fluidised bed 
 5-11 
 
Chapter 5 
    
granulator, using criteria such as particle impact velocity, and frequency of particles 
impacts which dictates the growth rate by agglomeration.  
Amblard et al. (2015) and R. Cocco et al. (2010) simulated the gas/solid behaviour in the 
jet-cup employing the multiphase particle-in-cell (MP-PIC) numerical method to 
investigate the portion of material that is hydrodynamically active. They found that to 
compare the attrition resistance of particles with different properties (particle size 
distribution, density), the jet cup test should be carried out at the same total volume of 
particles to have the same circulation of particles in the jet.  
Zhang et al. (2008) and Pougatch et al. (2010) used instead the Eulerian-Eulerian 
approach (or two-fluid model), where the different phases are treated mathematically as 
inter-penetrating continua. The former authors looked at the fluidisation quality of 
Geldart type A and B particles in a 3-dimensional fluidised bed. The latter simulated 
particle attrition in fluidised bed induced by a supersonic gas jet by using Ghadiri and 
Zhang, (2002) model of chipping along with a breakage probability function assisted by 
the kinetic theory of granular flow (KTGF) to track particle collisions. 
5.1.5 Motivation and Objectives 
The gas jets and bubbling bed are major contributors to the overall attrition occurring in 
a circulating fluidised bed system. Several theoretical models have been proposed in the 
literature, most of them are based on the assumptions that the energy utilised for attrition 
is simply a fraction of the total kinetic energy required for the fluidisation. Some authors 
have confirmed this by evaluating the jet and bubbling bed attrition by experiments, using 
different equipment designs. Jet attrition is often evaluated as the steady state loss rate 
because initially some pre-existing fines of the bed inventory and the surface roughness 
of the fresh particles would lead to a much greater, and time-dependent, attrition rate. 
Moreover, it has been observed that there is always difference between the jet attrition of 
fresh and equilibrium catalysts, being the equilibrium less prone to attrition. This effect 
has not yet been studied for manganese-based oxygen carrier so in the next section a series 
of tests are performed on a semi-pilot scale fluidised bed in order to study their relative 
tendency to jet attrition, by varying the jet velocities and orifice size. 
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Given the relatively large scale of the fluidised bed utilised in this research project for the 
jet attrition assessment, the CFD-DEM approach would have been very computationally 
expensive and time consuming. However, a simplified case of a small fluidised bed has 
been simulated by CFD-DEM and reported in the Appendix for the sake of consistency 
with the methodology proposed in this research project. 
5.2 Experimental Setup 
The assessment of the jet attrition, for the two materials, is carried out on two pilot 
fluidised beds of the same dimensions. One runs with air, at room temperature, referred 
to as “COLD pilot”, the other with nitrogen, is able to reach temperatures of 800°C and 
is referred to as “HOT pilot”. The former is made of Perspex, and therefore transparent, 
while the latter of stainless steel. The setup is similar to that of Werther and Xi, (1993) 
and Chen et al. (1980): fluidisation is provided by a single jet and by a porous base which 
has the orifice at its centre. The dimensions and other characteristics of the COLD pilot, 
identical to those of the HOT pilot, are reported in Figure 5-6. The porous base through 
which the background fluidisation is provided, shown in Figure 5-7, is made of bronze 
and stainless steel for COLD and HOT pilot, respectively, and has a porosity of 5 µm. 
The pressure drop can be measured at different heights of the column. In particular, the 
value of ΔP2 indicates the pressure drop across the whole bed and is used to characterise 
the fluidisation curve and estimate the minimum fluidisation velocity. The filtration 
system is schematically shown in Figure 5-8. The sleeve filter is held inside of a 
perforated aluminium shell which is itself contained in a metal housing.  
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Figure 5-6. On the left: realistic representation of the “COLD Pilot”. On the right: schematic representation of the 
“COLD Pilot” 
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Figure 5-7. Porous distributor and the single jet of 5 mm diameter at its centre. 
 
 
Figure 5-8. On the left: schematic representation of the filtering system. On the right: the actual filtering system. 
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5.3 Experimental Methodology 
Attrition is characterised here as the steady state normalised loss rate, which is equal to 
the attrition rate provided that the TDH is exceeded, (Gwyn, 1969; Werther and Xi, 1993; 
ASTM, 2013; Cabello et al. 2016). The loss rate is evaluated by monitoring the increase 
in weight of the sleeve filter, Δmfilter, made of a multilayer 5 micron mesh sheet of PTFE  
(Polytetrafluoroethylene), mounted at the exit of the column, Figure 5-8. The normalised 
attrition rate, ṘFB, is then calculated as described by Equation 5-12:  
filter
FB
bed
m
R
m t

=

 Equation 5-12 (5-12) 
where mbed is the mass of the bed inventory at the time of the measurement, calculated 
according to Equation 5-13: 
t
bed bed,0 filter
t 0
m m m
=
= −   Equation 5-13 (5-13) 
There is no absolute way of establishing when a steady loss rates is reached. Here, the 
relative percentage error “e”, of two near points of Ṙ, calculated according to Equation 
5-14, is considered as an indicator of the condition of steady state. When this is less than 
15%, for at least two consecutive values, steady state is assumed to be reached, and the 
loss rate is considered as attrition. It should be noted that the value of 15% is arbitrary 
and chosen post experiments considering the fluctuations of the measurement. The 
duration of an experiment is determined by how quickly the steady state is reached 
(usually days). 
( )
t t t
t t t
R R
100
mean R ,R
e
+
+
−
=   Equation 5-14 (5-14) 
For experiments carried out at room temperature with one material and one type of fluid, 
the superficial velocity is kept constant by complementarily varying the gas flow rate of 
the jet and the porous base to achieve the desired jet velocity. In this way, the comparison 
of the results obtained at different orifice sizes and velocities is consistent.  
The bubbling bed attrition contribution is assumed to be constant at all conditions and not 
as important as the jet, (Werther and Xi, 1993). Therefore, the jet-induced normalised 
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attrition rate is evaluated by subtracting the bubbling bed attrition, obtained by fluidising 
the bed only with the porous base, to the total attrition rate in the presence of the jet as 
shown below, in Equation 5-15: 
jet tot bbR R R= −  
Equation 5-15 (5-15) 
For experiments carried out at different temperatures, fluid types and materials, keeping 
the same superficial velocity would not allow to compare the attrition results. In fact, 
since attrition here is measured as the steady state loss rate, the entrainment potential 
should always remain constant. For this reason, a theoretical criterion is used here: the 
superficial gas velocity usup is always set to be equal to the terminal velocity, vp,∞, of a 
fixed particle size, dp,∞, at all conditions. The motivation behind the choice of dp,∞ is 
discussed in the next paragraph 5-17. The superficial velocity associated to this critical 
particle size is calculated as follows, (Tilton, 2008), according to Equation 5-16: 
( )p, p f
sup p,
f D
4gd
u v
3 C


 − 
= =

 
Equation 5-16 (5-16) 
where the drag coefficient CD is calculated as 
( )
p, D
p,
0.7
p, D p,
p,
p, D
24
Re 0.1                                C
Re
24
0.1 Re 1,000                   C 1 0.14Re
Re
1,000 Re 350,000          C 0.445


 



 =

  
  = +   
  
   =


 Equation 5-17 (5-17) 
by knowing the Reynolds number, Rep,∞: 
f p sup
p,
f
d u
Re 

=

 Equation 5-18 (5-18) 
Three main batches, each 3.2 kg, comprising the full PSD of the material are used to carry 
out three main tests formalised as EXP 1, EXP 2 and EXP3. The former two aim at 
establishing the dependency on the jet velocity and orifice size for F-CLC and E-CLC, 
respectively. EXP 3 is carried out to check the effect of temperature on F-CLC. A 
summary of the three experiments is shown in Table 5-1. The choice of the amount of 
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test material and the experimental operating conditions is discussed in the next paragraph 
5-17.  
Table 5-1. Batches used for the jet-induced attrition test 
 EXP 1 EXP 2 EXP 3 (in the 
appendix) 
Batch 1 Batch 2 Batch 3 
Material F-CLC full PSD E-CLC full PSD F-CLC full PSD 
Assessment effect of ujet and dor effect of ujet and dor effect of T 
Temperature room room from room to 800° 
Equipment  COLD pilot COLD pilot HOT pilot 
  
For “EXP 1” and “EXP 2”, each time, before ujet is changed, fluidisation is provided only 
by using the porous base. This was initially done to check the effect of fluidisation history 
on attrition, but later on also used as a pre-conditioning phase. Measurements are taken 
twice a day, one in the morning and one in the evening.  
5.3.1 Optimal Experimental Conditions 
The choice of the experimental conditions and the amount of test material should be 
coherent with the considerations presented below, where htot, hbed, hjet, Qpb and Qmf are 
the total height of the column, the height of the bed free surface, the jet height, the 
background flow rate through the porous base and the minimum fluidisation flow rate, 
respectively: 
a) TDH < htot-hbed, the freeboard height should be larger than the transport 
disengaging height to consistently relate the loss rate to the attrition rate as 
otherwise large particle could be entrained. TDH is estimated by the correlation 
of Sciazko et al. (1991) shown below, using the Sauter mean diameter of the bed 
and the superficial velocity at the expansion section of the column: 
bed p1500 h Re
TDH
Ar
=  
Equation 5-19 (5-19) 
where Rep and Ar are the Reynolds and the Archimede’s number defined 
respectively in Equation 5-18 and Equation 5-20:  
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( )p f3
p f 2
f
Ar gd
 −
= 

 
Equation 5-20 (5-20) 
This is achieved by using either a low usup and/or a small amount of solids. 
b) hbed >> hjet, this allows to get a fully submerged and stable jet and the formation 
of a bubbling region. This is achieved by using either low usup and/or a big amount 
of solids. The jet height is calculated according to the correlation of Merry, (1975) 
who has successfully validated it for material with similar size and density as the 
one at hand: 
0.3
2
jet jetf or
or p p p
h ud
5.2 1.3 1
d d gd
    
= −             
 Equation 5-21 (5-21) 
c) ujet should be as high as possible to induce attrition and obtain a measurable loss 
rate within a reasonable interval of time. This is achieved by using high usup. 
d) hbed should be less than about twice the bed diameter to avoid undesired slugging, 
(Yang, 2003). This is achieved by using a small amount of solids and low usup. 
e) Qpb ≥ Qmf, the background fluidisation, provided by the porous base, should at 
least be equal to the flow rate of minimum fluidisation to avoid stagnant solids. 
This is achieved by using high usup. 
Some of these criteria are in conflict with each other so a window of operating conditions 
needs to be identified where the all the criteria are respected. 
In order to comply with the point “e”, the fluidisation curves of both material are found 
experimentally by only using the porous distributor, at room temperature, and reported 
for F-CLC and E-CLC, in  Figure 5-9 and Figure 5-10, respectively: 
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Figure 5-9. Fluidisation curve of F-CLC at room temperature 
As shown, the minimum fluidisation velocity is obtained from the intercept of the curve 
of the fixed bed pressure drop with that of the fluidised bed. For F-CLC, the material is 
tested in both COLD and HOT pilot, at room temperature, showing consistent results. 
The cause of the different values of pressure drop for the two systems is that the base 
point where the pressure is measured is different, being closer to the porous distributor in 
case of the HOT pilot.  
 
Figure 5-10. Fluidisation curve of E-CLC at room temperature 
The values obtained experimentally are compared with the theoretical values calculated 
with the correlation of Baeyens and Geldart, (1986), given in Equation 5-22 , and reported 
in Table 5-2, showing a fair agreement. 
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0.934
0.934 1.8
p f p,saut
mf 0.87 0.006
f f
0.0009 g d
u
 −
=
 
 
Equation 5-22 (5-22) 
Table 5-2. Comparison between experimental and theoretical minimum fluidisation velocities for F-CLC and E-CLC 
at room temperature 
 Qmf, exp [m
3 s-1] umf, exp [m s
-1] umf,theor [m s
-1] 
F-CLC 0.00063 0.081 m s-1 0.069 m s-1 
E-CLC 0.00023 0.029 m s-1 0.026 m s-1 
 
On the base of these preliminary observations, after 1-2 months of trials and error where 
different configurations are tested, the best compromise is found for a mass of 3.2 kg and 
a dp,∞ of 53 µm which, at room temperature, gives a superficial velocity of 0.243 m s-1. In 
this way, the TDH is below the freeboard height, no slugging is observed, and the jet 
velocity can be set as high as 55 m s-1.  
For F-CLC (EXP 1) and E-CLC (EXP 2), at room temperature using the COLD pilot, the 
jet velocities tested are 30, 42.5, 48.75 and 55 m s-1 while the orifice diameters tested are 
3, 4, and 5 mm. Moreover, for F-CLC, attrition tests are conducted on the HOT Pilot 
without jet at 200, 400 and 600°C, (EXP 3). 
The details of the three tests EXP 1, EXP 2 and EXP 3 are reported in details in Table 
5-3, Table 5-4 and Table A-2, respectively. In the same order, the gas flow rates of jet 
and porous base used for three experiments are graphically reported in Figure 5-11, Figure 
5-12 and Figure A-8. It is here recalled that as the jet velocity is increased, the background 
gas flow rate is reduced in order to keep the superficial velocity constant. 
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Table 5-3. Experimental conditions for F-CLC to look at the effect of jet velocity and orifice size, at room temperature 
EXP 1 (Batch 1 full PSD F-CLC) 
T [°C] room 
ujet [m s-1] 0 30 42.5 48.75 55 
dor [mm] 5 3 4 5 
hjet_theor [m] 0 0.0482 0.0562 0.0597 0.0362 0.0495 0.063 
Qjet [m
3 s-1] 0 0.00059 0.00083 0.00096 0.00039 0.0006 0.00108 
Qpb [m
3 s-1] 0.00189 0.00130 0.00106 0.00093 0.00150 0.001209 0.00081 
Qtot [m
3 s-1] 0.0189 
dp,∞ [µm] 53 
usup [m s
-1] 0.243 
usup/umf_exp 3 
usup/umf_theor 3.5 
mbed,0 [kg] 3.2 
TDHtheor [m] 0.260 
hbed,exp [m] 0.243 
htot-hbed [m] 0.743 
 
 
Figure 5-11. Gas flow rates for the jet and porous base for the evaluation of F-CLC jet induced attrition, at room 
temperature and a jet diameter of 5 mm 
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Table 5-4. Experimental conditions for E-CLC to look at the effect of jet velocity and orifice size, at room temperature 
EXP 2 (Batch 2 full PSD E-CLC) 
T [°C] room 
ujet [m s-1] 0 30 42.5 48.75 55 
dor [mm] 5 3 4 5 
hjet_theor [m] 0 0.059 0.065 0.069 0.042 0.057 0.073 
Qjet [m
3 s-1] 0 0.00059 0.00083 0.00096 0.00039 0.00069 0.00108 
Qpb [m
3 s-1] 0.00172 0.00113 0.00089 0.00076 0.00133 0.00103 0.00064 
Qtot [m
3 s-1] 0.00172 
dp,∞ [µm] 53 
usup [m s
-1] 0.222 
usup/umf_exp 7.2 
usup/umf_theor 8.5 
mbed,0 [kg] 3.2 
TDHtheor [m] 0.600 
hbed,exp [m] 0.265 
htot-hbed [m] 0.721 
 
 
Figure 5-12. Gas flow rates for the jet and porous base for the evaluation of E-CLC jet induced attrition, at room 
temperature and a jet diameter of 5 mm 
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5.3.2 Technical Problems Experienced 
The preliminary attrition tests conducted on the COLD pilot which is used for the first 
time for this project, during the initial 3-4 months, were not successful. The weight of the 
filter after a considerable interval of time (about 8 hours) was unpredictably increasing or 
decreasing, even at very high superficial velocity. After a thorough check of the system, 
few technical defects were identified: stagnant fines at the entrance of the filter and 
leaking of fines at the perimeter of the sleeve filter, as shown in Figure 5-13. 
 
Figure 5-13. Respectively on the left and right: stagnant fines at the entrance of the filter housing and leaking 
perimeter of the sleeve filter 
The first issue was solved by introducing an inlet tube at the filter entrance of smaller 
section and therefore providing a higher air velocity, avoiding stagnant fines, the second 
one, by introducing an additional rubber at the top of the sleeve perimeter providing a 
firmer push between the pierced cage and the lid of the filter housing. 
About the HOT pilot, the first 25 days of test were conducted at room temperature at 
different jet velocities trying to replicate the results obtained in the COLD pilot. By using 
the jet, inexplicable fluctuations around the value obtained without jet were observed. No 
clear trend could be identified, nor the problem. Given the short period of time allocated 
for the usage of this equipment it was decided to only look at the effect of temperature by 
fluidising with the porous base which gave a good agreement in terms of minimum 
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fluidisation velocity with the cold pilot. The outcomes of this analysis are reported in the 
appendix section as incomplete work. 
5.4 Results and Discussion 
5.4.1 EXP 1 
“EXP 1” is carried out on F-CLC particles to investigate the effect of jet velocity and 
orifice size at room temperature. As shown in Figure 5-14 about 10-15 days are required 
to reach a steady loss rate by fluidising only with the porous base. This is in fair agreement 
with the 10 days required for fresh HA-HPV particles to reach a steady state attrition in 
the fluidised bed in presence of the jet, (Werther and Xi, 1993). 
This steady value is referred to as Ṙbb and used as a base line to characterise Ṙjet according 
to Equation 5-18. 
The high loss rate at the beginning is due to the removal of the pre-existing fines and the 
higher attrition rate of fresh materials due to the presence of surface asperities and weak 
spots. Then attrition increases at increasing jet velocities and orifice sizes. The 
conditioning phase, performed before the jet velocity is changed, shows that there is no 
effect of history as attrition returns quite rapidly to the same steady value of before. With 
the jet, a steady value is reached quite promptly (2-3 days). 
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Figure 5-14. Effect of jet velocity and orifice size at room temperature for F-CLC. The legend is organised as [jet 
velocity; orifice size]  
By mean of a linear regression of the values of Ṙjet, the power indices of the jet velocity 
and orifice size are found to be 2 and 1.7, respectively. This is in good agreement with 
the model of Chen et al. (1980) who used a similar setup, comparable orifice sizes and 
material (iron ore). Here, Ṙjet is expressed as a function of the material propensity to 
attrition represented by the single particle breakability index, particle density and jet 
velocity and orifice size, according to literature. Unification of the data points of Ṙjet 
against the group αH/Kc2·ρp·ujet2·dor1.7 is shown in Figure 5-15. 
 
Figure 5-15. Data unification of the jet induced normalised attrition rate for F-CLC 
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The slope of the straight line would be the constant of the model, referred to as cjet, equal 
in this case to 5.54X10-7. If the same power dependencies are to be found with other 
materials, like the E-CLC, then its constant 
jet,ECLCc  is expected to be proportional to: 
p,FCLC2
c FCLC
jet,ECLC jet,FCLC jet,FCLC
sp
p,ECLC2
c ECLC
H
K 1
c c c
KH
K
 
 =
 
 Equation 5-23 (5-23) 
where Ksp is the ratio of the single particle breakage propensities of E-CLC and F-CLC, 
found to be equal to 3.6 in Chapter 3, and defined here in Equation 5-24. 
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Equation 5-24 (5-24) 
The intercept of the fitted straight line with the abscissa allows to calculate the jet 
transition velocity, below which no notable attrition is detected. This is found to be equal 
to be 13.5 m s-1. 
It should be noted that no analysis has been carried out on different numbers of jets; thus, 
it remains unknown whether the contribution of the single jet will remain the same in case 
of many jets. 
The PSD before and after the experiment is evaluated by the laser diffraction technique 
using the Mastersizer 3000 and the Aero S disperser at 4 barg. The results, reported in 
terms of volume fraction in Figure 5-16, show a very slight shift of mother particles 
towards smaller sizes confirming that surface damage, such as surface abrasion and 
chipping, is the dominant mechanisms of breakage. Moreover, the debris PSD collected 
on the filter after the test for a jet velocity of 55 m s-1 is also reported in the same figure 
showing two modes, respectively at about 2 and 30 µm. 
More insights are given by the SEM images of the particles after the experiment. They 
are reported in Figure 5-17. By comparing the particles before attrition and after EXP 1 
it is hard to see a change in particle size confirming the laser diffraction outcomes. It is 
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also noted that the surfaces have barely smoothed out. They are instead as rough as before 
demonstrating a great tendency to chipping. 
The SEM pictures of the debris, Figure 5-18, show that the majority of the particles are 
very fine (about 1 µm) and therefore clustered together. Moreover, there is the presence 
of rather large particles, probably responsible for the second peak of the laser diffraction 
results.  
It is believed, but not yet proved, that the very fines are mainly the results of surface 
abrasion occurring due to bubbling bed attrition while the larger ones, the result of 
chipping occurring in the jet region because of particle impacts. 
 
Figure 5-16. PSD of F-CLC before attrition and after attrition at room and high temperature. 
 
Figure 5-17. SEM images of E-CLC before and after attrition at room temperature 
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Figure 5-18. Debris particles of F-CLC collected at the filter 
5.4.2 EXP 2 
“EXP 2” is carried out on E-CLC to investigate the effect of jet velocity and orifice size. 
As shown in Figure 5-19, about 10 days are required to reach a steady loss rate by 
fluidising only with the porous base, quite similar to the time required for F-CLC. This 
result is unexpected as usually equilibrium material would require less time to reach a 
steady attrition. This is slightly higher than that of F-CLC confirming the findings of 
Chapter 3, about the single particle attrition propensity. 
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Figure 5-19. Bubbling bed attrition: comparison between F-CLC and E-CLC 
As done in the previous case, this steady value is referred to as Ṙbb and used as a base line 
to characterise Ṙjet according to Equation 5-15. 
Consistently with what seen for F-CLC, the high loss rate at the beginning is mainly due 
to the presence of pre-existing fines and higher initial attrition rate for the removal of 
weaker spots. Attrition increases at increasing jet velocities and orifice sizes. In this case 
much more fluctuation is observed, in particular at high jet velocities. This is, to date, not 
fully understood. 
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Figure 5-20. Effect of jet velocity and orifice size at room temperature for E-CLC. The legend is organised as [jet 
velocity; orifice size] 
By mean of a linear regression, the power indices of the jet velocity and orifice size are 
obtained, they are 6 and 3.6, respectively. They are unexpectedly and greatly different 
from F-CLC so Equation 5-23 cannot be applied to check the direct dependency of jet 
attrition with the single particle breakability index. The unification of data points as a 
function of the lumped group made by the single particle breakability index, particle 
density, jet velocity and orifice size is shown in Figure 5-21. In this case, the jet constant 
cjet is equal to 1.41X10-9 (not comparable with that obtained for the F-CLC because of the 
different power dependencies and hence having different unit measure). Moreover, the jet 
transition velocity is equal to 4.2 m s-1, lower than F-CLC which is equal to 13.5 m s-1. 
The PSDs before and after the test, Figure 5-22, show a slight reduction in the mother 
particle size, confirming that mainly surface damage has occurred. The SEM images of 
the material before and after jet attrition at room temperature are reported in Figure 5-23 
and show that although there has not been a remarkable change in size, the external 
surfaces have undergone extensive damage because of the clear larger presence of open 
macro-pores. 
In Figure 5-22, the PSD of the mother particles before and after attrition at room 
temperature is reported as well as the debris PSD obtained for 55 m s-1 of jet velocity. 
The latter presents (i) two peaks at about 1 and 30 µm, like the fines of F-CLC, (but in 
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different proportion as shown in the comparative graph of Figure 5-25), and (ii) a third 
peak of large particles of about 250 µm apparently belonging to the original PSD. The 
presence of these large particles is confirmed by the SEM pictures of Figure 5-24. The 
same figure shows some very fines particles clustered together, as observed for the F-
CLC. 
The presence of these large particles can only be explained by the fact the EXP 2 was 
carried out under conditions where the freeboard height is only slightly larger than the 
theoretical TDH (calculated with the model of Sciazko et al. (1991)). This means that 
large particle could have actually been elutriated away. This might also justify the 
discrepancy in power dependencies between the two materials and the strong fluctuations 
of data points using the jet, as reported in Figure 5-20. The presence of the jet is likely to 
have enhanced the entrainment of large particles, as compared to the case with only the 
porous distributor, because of the eruption of bigger bubbles being formed at the top of 
the jet. This is very likely but yet to be confirmed. 
 
Figure 5-21. Data unification of the jet induced normalised attrition rate for E-CLC 
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Figure 5-22. Cumulative PSD of E-CLC before and after attrition 
 
Figure 5-23. E-CLC particles before and after jet attrition at room temperature 
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Figure 5-24. Debris particles of E-CLC collected at the filter 
 
Figure 5-25. PSD of the debris particles collected at the filter of F-CLC and E-CLC 
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5.5 Concluding Remarks 
The effect of jet velocity and orifice size on jet attrition is evaluated experimentally for 
F-CLC and E-CLC, using two fluidised beds with the same dimensions, able to work at 
room temperature and 800°C, respectively. The setup of the columns comprises of a 
single jet embedded in a porous distributor from which background fluidisation is also 
provided. Attrition is measured as the normalised steady state loss rate by monitoring the 
weight of the sleeve filter mounted at the top end of the column. For a given material, the 
gas flow rates of the jet and porous distributor are varied in order to reach the desired jet 
velocity, whilst keeping the superficial velocity constant. The criterium used to run tests 
with other materials, fluid type and temperatures are is keeping the theoretical maximum 
particle size elutriated constant. Therefore, the superficial velocity is equal to the terminal 
velocity of this given particle size. The tests are run in total for 4-5 weeks starting from 
the full PSD. Using only the porous distributor, therefore inducing bubbling bed attrition, 
during approximately 1-2 weeks of test, the loss rate undergoes a gradual decay until a 
steady state value is reached, called Ṙbb. This value, for E-CLC, is higher than that of F-
CLC (about twice). This confirms the findings of the single particle breakage propensity 
obtained by impact test and goes against most of the common trends for fresh and 
equilibrium catalyst, being the latter usually less prone to attrition. However, major 
structural changes in the particles, being very porous, could explain this trend. 
The results obtained for F-CLC in terms of power dependencies of the orifice size and jet 
velocities are in good agreement with the correlation of Chen et al. (1980) who used a 
similar experimental setup and material. On the other hand, the results obtained for E-
CLC show a discrepancy with F-CLC.  
The data points are fitted with a straight line to develop a correlation for a single jet 
attrition which, assuming a linear relationship with the number of jets, can be expressed 
according to Equation 5-25, considering the single particle breakability index, a constant 
parameter, the particle density, the jet velocity and orifice size:  
x y
jet jet or p jet or2
c
H
R c n u d
K
=    Equation 5-25 (5-25) 
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All the results obtained here are meant to be valid for a single jet; no analysis has been 
carried out on more than one jet, so there is no evidence that the correlations are directly 
generalised for n-jets. Further study needs to be carried out in this regard. 
The intercept of the fitted line with the abscissa allows to estimate the jet velocity which 
causes no/little attrition. This is called jet transition velocity. The latter is reported in 
Table 5-5 along with the other main parameters mentioned above, for both materials.  
Table 5-5. Jet attrition parameters for F-CLC and E-CLC and steady state bubbling bed attrition  
Jet and bubbling bed attrition 
symbol description F-CLC E-CLC 
Unit 
measure 
Ṙbb Steady state bubbling bed attrition 2.9X10-9 5.6 X10-9 s-1 
cjet Jet attrition index 5.5 X10-7 1.4 X10-9  
^
jetu  Jet velocity power index 2 6 - 
^
ord  Orifice size power index 1.7 3.6 - 
ujet,0 Jet transition velocity 13.5 4.2 m s
-1 
 
Particle size distribution analysis and image analysis of the bed particles show that little 
shift in size has occurred at room temperature and there is no clear distinction between 
particles of before and after attrition, except for the E-CLC which expose more open 
macro-pores. The same analysis is carried out on the fines collected at the filter after the 
test of 55 m s-1 of jet velocity. They are mainly composed by very small particles of about 
1 µm organised in clusters but also by relatively large chips of about 30 µm. For the E-
CLC, the fines are also composed by large particles of size comparable to that of the 
mother particle. It is possible that the test on E-CLC might be carried out below the TDH 
or at its very limit. This could also explain the discrepancy between the dependencies 
obtained for the two materials and the significant fluctuations of the loss rate. 
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6. POPULATION BALANCE MODEL OF 
PARTICLE ATTRITION IN FLUIDISED AND 
CIRCULATING FLUIDISED BEDS 
CHAPTER 6 
In this Chapter, a comprehensive literature review of the applications of the PBM for 
attrition in fluidised and circulating fluidised bed systems is initially given. A detailed 
and stepwise description of the PBM developed here is then presented. The PBM is used 
to simulate particle attrition occurring in a fluidised bed, and in a circulating fluidised 
bed. The results are discussed with a focus on the effects of the integration time step, 
particle breakability index and superficial velocity of fluidising gas. The PBM part of this 
thesis was developed at IFP Energies Nouvelles facilities in the 3rd and 4th year of this 
PhD project. 
6.1 Literature Review 
In the population balance approach, a set of mass balance equations of a generic 
population are inter-linked by considering streams of masses travelling to different 
classes of the population. It is widely applied to describe size changing mechanisms like 
growth, aggregation and breakage, (Ray et al. 1987; Werther and Hartge, 2004; Heinrich 
et al. 2003; Falola et al. 2013; Redemann et al. 2009; Rajniak et al. 2008). In literature, 
there are examples of PBM of particle attrition in fluidised and circulating fluidised beds 
due to the inevitable consequences of the particle size reduction. Furthermore, for both 
FB and CFB combustors, several authors consider the change in particle size due to 
attrition as well as the change in particle density caused by the formation of ashes, 
defining the particle population in both density and size classes, (Wang et al. 2003; 
Chirone et al. 1991). With the assumption that attrition only occurs by surface damage, 
several mathematical models have been formulated in the past. This assumption allows 
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to treat the attrition mass as made of particles of size zero that would be instantly lost, 
(Levenspiel et al. (1968), Chirone et al. (1991) and Arena et al. (1983)), or collected in 
the last size class and no longer subjected to attrition, (Hansen and Ottino, (1997), 
Werther and Hartge, (2004), Klett et al. (2007) and Redemann et al. (2009)). 
Alternatively, Rangelova et al. (2002) assume that a particle in a fluidised bed shrinks 
because of attrition until the point where its terminal velocity is equal to the superficial 
velocity and eventually is lost from the system. Many other authors support the idea that 
the role of the debris cannot be completely neglected depending on the application. For 
instance, Ray et al. (1987), Wang et al. (2003), Montagnaro et al. (2011) and Welt et al. 
(1977) have simulated particle attrition in a fluidised bed combustor by PBM, dividing 
the population into two categories: the mother and debris particles, whereas only the 
former undergoes attrition. The two categories are defined based on a critical particle size 
which functions at the same time as minimum mother particle size and maximum debris 
particle size. All the debris particles would have a PSD between 0 and this critical size. 
This value is set to 50 µm for the authors mentioned above.  
Heinrich et al. (2003), simulating growth and attrition in a fluidised bed granulator via 
PBM, assume that only a fraction of the fines produced by attrition is lost from the system, 
as dictated by the operating conditions. Consequently, the complementary fraction that 
remains inside can contribute to the agglomeration process as nuclei. The role of the fines 
is then essential for such applications as well as other applications like heterogeneous or 
catalytic chemical reactions, i.e. CLC and FCC, respectively. According to Ray et al. 
(1987), the fines produced by attrition can strongly affect the efficiency of reaction due 
to their high specific surface area. However, the authors remark the importance of the 
operating conditions which determine whether the fines will be elutriated away, 
increasing the average particle size of the bed and causing a reduction of the reaction 
efficiency. In fact, the bed average particle size depends on the balance between attrition 
rate and elutriation rate. Ray et al. (1987) and Werther and Hartge, (2004) have found the 
attrition rate to be the rate-controlling step at steady state because the extent of fines inside 
the bed does not change considerably as they are continuously produced by attrition and 
promptly elutriated.  
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Ray et al. (1987) and Montagnaro et al. (2011) have developed a steady state PBM, in a 
FB combustor and a CFB combustor for SO2 sorbent particles, respectively. In their 
model, they consider the debris particles to participate in the chemical reaction assuming 
that attrition is caused by only surface abrasion and surface abrasion/fragmentation, 
respectively. To describe the debris produced as a result of surface abrasion, both authors 
utilise the “natural grain size” concept, firstly applied in a PBM by Ray and Jiang, (1987), 
according to which the debris PSD is independent of the volume scale and follows a beta 
function. The concept, introduced by Lowrison, (1974), states that certain amorphous 
materials consist of grains, pores, agglomerates or particles embedded in matrix of 
another, thus producing a characteristic debris PSD, regardless of the mother particle size 
or abrasive attrition intensity. 
Particle fragmentation can be implemented by defining the PSD of the particle after 
fragmentation, (Welt et al. (1977) and Wang et al. (2003)). Particle attrition in these 
systems, as considered by the majority of the authors mentioned above, is seen as a whole 
in the process and expressed as a function of the excess fluidisation velocity, (Arena et 
al. 1983), rather than considering different sources. 
Werther and Hartge, (2004), Hartge et al. (2007), Redemann et al. (2009) and Klett et al. 
(2007) developed a time dependent PBM of attrition in CFB reactor/regenerator systems, 
under surface abrasion dominated conditions of FCC catalyst. Three different sources of 
attrition were considered: the jet region, the bubbling bed, and the cyclone. Given the 
close similarities with this PhD research project, their work is used here as inspirational 
source for the development of the PBM. Werther and Hartge, (2004) neglect the initial 
breakage of the fresh catalyst. On the contrary, Hartge et al. (2007), Redemann et al. 
(2009) and Klett et al. (2007) introduce a time dependent factor in the attrition kernels 
that reflects the particles age which provides an exponential decay of the attrition rate 
until a steady state value. They compensate for the mass loss by adding fresh catalyst, in 
one time-step, when the solids holdup in the reactor falls below a certain value. The 
masses in the standpipes are assumed to be constant during the whole calculation, i.e. in 
each time step, the same mass of solids fed to the standpipe leaves the standpipe. The 
modules of the PBM, namely the parts comprising the full cycle in the CFB, like the 
fluidised bed, elutriation, cyclone, regenerator and recycle, are solved in sequence during 
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one time step. The time step is chosen between 0.5 and 20 s ensuring that, at each time 
step, the mass leaving any class is significantly less than that of the respective class. 
Attrition in the cyclone is calculated prior to separation, as justified by Reppenhagen and 
Werther, (2000) who show that attrition mainly occurs at the entrance, while the 
separation grade efficiency is evaluated by the theory of Muschelknautz, (1997). They 
show that the cyclone has the highest attrition rate, while the lowest is the regenerator 
bubbling bed. They reported that the mean particle size of the bed inventory gets coarser 
despite the formation of the small fines as they are unable to be kept inside the system. 
Moreover, Werther and Hartge (2004) show the strong interrelation between attrition and 
efficiency of the solids recovery cyclone, which is able to hold and recycle the majority 
of particles but at the same time produces debris. In other words, the cyclone attrition 
increases with its efficiency. 
Referring to the same authors, a remark has to be made here about the way the particle 
size after attrition is calculated. In their work, for each class, the attrition correlations give 
the amount of attrition mass produced regardless of how much populated the class is. In 
this way, whether the class is composed by many or few particles does not matter, and 
the same attrition mass would be produced. This has implications on the particle 
shrinkage. In fact, the attrition mass per single particle, being computed as the ratio of the 
attrition mass of the class and the number of particles of the same class, depends on the 
latter. The solution would be to use a normalised attrition rate per class or an explicit 
dependency with the mass fraction. As a matter of fact, Kramp et al. (2011), describing 
the effect of attrition in a CLC process, by means of a population balance, used the same 
attrition correlations but weighted with the mass fractions.  
6.1.1 Motivation and Objectives 
In view of this literature survey, it is clear that the population balance approach has been 
widely used with the intent of predicting the response of the fluidised bed process to 
particle attrition. Surface damage and consequent particle size reduction is considered the 
dominant mechanism of attrition in fluidised beds. Moreover, it has been elucidated the 
importance of considering the attrition of different sources as well as the formation of 
fines which, depending on the operating conditions, might not be simply lost and thus 
have a key role on the performances of the process. Moreover, the minimum mother 
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particle size, which determines the part of particles population undergoing attrition, has 
not been well defined yet. In the next section, the physical meaning of the minimum 
mother particle size is given based on the single particle breakage tendency. The aim of 
this chapter is to use the PBM to provide some insights on the effect of particle attrition 
on the behaviour of a circulating fluidised bed by accounting for the single particle 
breakage tendency, simulating different scenarios considering strong/weak particles at 
different operating conditions. It needs to be noted that the particle degradation due to the 
thermal stresses and chemical reaction is not considered in the population balance model. 
Hence, the model cannot accurately represent the situation in a real system. 
6.2 Definition of the System 
The system under study comprises of a fluidised bed, a cyclone separator and a recycle 
leg, as shown in Figure 6-1.  
 
Figure 6-1. The CFB system 
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The sources of attrition considered here are the jet region, the bubbling bed, and the 
cyclone. The attrition correlations, developed experimentally, give the steady state extent 
of attrition rate while the PBM is time dependent. The system is divided into modules. 
Each module has a distinctive function and is solved separately following the direction of 
the solids circulation. They are, in order: jet region, bubbling bed, elutriation, cyclone and 
recycle. A discontinuous make-up stream provides fresh material when a certain degree 
of loss is reached. The ODEs constituting the PBM are discretised with time according to 
Euler’s method, by explicitly approximating the derivative with the incremental ratio. For 
instance, the global mass balance on the system is reported below in Equation 5-1: 
make up cyc,out
bed,0t 0
d m
m m
d t
m m
−
=

= −

 =
 Equation 6-1 (6-1) 
which discretised becomes 
make up cyc,outt t
bed,0t 0
m
m m
t
m m
−
=

= −

 =
 Equation 6-2 (6-2) 
and eventually equal to: 
bed bed make up cyc,outt t t t t
m m m t m t−+ = +  −   
Equation 6-3 (6-3) 
The mass balances constituting the PBM have no spatial dependency, the only variables 
are time and particle size. The particle population is divided into fixed discretised size 
classes. The mass transfer between classes, as a function of particle size, is carried out 
post attrition by a classification function, after which the mean class properties are 
evaluated, as shown schematically in Figure 6-2. However, the particle size can keep 
decreasing within each class causing no mass transfer between size classes, (Werther and 
Hartge, 2004).  
 
Figure 6-2. Logic steps of PBM 
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It should be noted that discretisation has some implications such as the loss of details in 
one of the population global properties, such as the number, the total surface and the total 
volume of particles. Surface and volume (or mass) are naturally linked, so it is common 
to come across PBMs which are either number or mass based. In the former case, the 
conservation of mass is not guaranteed and vice versa for the latter. This effect is 
enhanced when the classes are wide. Nevertheless, it has been shown that the continuity 
of mass and number can be achieved by a series of numerical manipulation, (Kumar et al. 
2006; Bertin et al. 2016). Referring to particle attrition in fluidised beds, mass is the main 
interest thus, the PBM derived here is going to be mass based.  
The dimensions and specifics of the process are to be defined in an Excel sheet which 
serves as data input source. In here, the total simulation time, integration time step, and 
the saving time step (within which the results are averaged) can be indicated. All the 
inputs are read and processed by Matlab® which performs the initialisation of the 
variables and the calculation of the minimum mother particle size, the particle residence 
times of the elutriation, cyclone and recycle module τelut, τcyc, τrec and the maximum time 
step allowed Δtmax. The default configuration is the circulating fluidised bed (CFB). 
However, the cyclone and recycle can be omitted from the calculation in order to simulate 
only the fluidised bed column (FB). The flow chart of the calculation steps is reported in  
Figure 6-3. 
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Figure 6-3. Resolution flow chart of the PBM 
By definition: 
- mother particles are all the particles undergoing attrition and shrinkage; they have 
sizes larger than 
mp
p,mind  (minimum mother particle size). Thus, any particle size 
less than this value does not undergo attrition and shrinkage 
- debris particles are all the particles generated in one time step as a result of 
attrition of the former; they have sizes smaller than 
de
p,maxd  (the maximum debris 
size). This value is an input of the model, in this case set on the base of 
experimental support. 
It is possible that 
de mp
p,max p,mind d ; in this instance, a debris particle can undergo attrition 
and shrinkage in the next calculation time step, becoming in this way a mother particle 
itself. On the contrary, for Ray et al. (1987), Wang et al. (2003), Montagnaro et al. (2011) 
and Welt et al. (1977) 
de
p,maxd is equal to 
mp
p,mind  so the population of mother and debris 
particles are separated into two never overlapping groups. The mass of debris produced 
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at each time step, per class, is given by the attrition correlations which at the same time 
dictates the shrinking rate of the mother particles. The debris particles generated in the 
fluidised bed and cyclone have a PSD obtained by two beta functions, (Ray and Jiang, 
1987; Ray et al. 1987; Montagnaro et al. 2011), fitted with the experimental results 
presented in the previous chapters. Unlike Werther and Hartge, (2004), who assumed the 
mass in the standpipe to be constant already at time 0 s, here there is a transient period 
where the solids circulation entering the empty module can establish a steady state mass. 
An exception is made for the jet and bubbling bed regions which are themselves not empty 
from the start. Mother and debris particles are assumed to be spherical, the bed inventory 
perfectly mixed and the jet region is delineated from the bubbling bed by the jet height, 
(Werther and Hartge, 2004; Klett et al. 2007; Redemann et al. 2009).  
6.2.1 Particle Size Reduction 
For each interval of time, the mass of debris produced by the class “i”, for all size classes 
greater than
mp
p,mind , is calculated according to the definition of the normalised attrition rate 
Ṙ given below in Equation 6-4: 
mass of debris particles produced by attrition
R
mass undergoing attrition  unit time
=

 Equation 6-4 (6-4) 
for a class “i”, it can be written Equation 6-5 
de
de de dei
i i i imp t t
i
m
R ,       m (t) 0,           m (t t) m
m t +
= = +  =
d
d
 Equation 6-5 (6-5) 
By discretising and solving the above equation, knowing mp
im  (the mass of a class “i” ), 
Δt and Ṙi, the following is expression can be obtained, Equation 6-6: 
de mp
i i it t t
m R m t
+
=   Equation 6-6 (6-6) 
Equation 6-4 can be re-written for the mother particles as shown below in Equation 6-7: 
mp
mp mp mp mpi
i i i i imp t t t
i
m
R ,    m (t) m ,    m (t t) m
m t +
− = = +  =
d
d
 Equation 6-7 (6-7) 
where mp
i t
m  is the mass of mother particles of the class “i” at time “t”.  
Discretising Equation 6-7, Equation 6-8 is obtained: 
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( )mp mpi i it Δt tm m 1 R Δt+ = −  
Equation 6-8 (6-8) 
then the mass of the class after attrition is given by Equation 6-9, by combining Equation 
6-6 with Equation 6-8,: 
mp mp de
i i it Δt t t Δt
m m m
+ +
= −  Equation 6-9 (6-9) 
From Equation 6-6, it is possible to derive the mother particles shrinking rate by recalling 
that the total mass of a class is constituted by a number of spheres of size 
mp
p,id : 
2mp mp 3mpmp
p p,i p,i p p,imp mpi
i p,i i p,imp
i
3 d d dm
R        N R N
m t 6 t 6
dd
d d
 
− =  − =  Equation 6-10 (6-10) 
and eventually: 
mp mp
p,i p,i
i
d d
R
t 3
d
d
− =  
Equation 6-11 (6-11) 
The particle shrinking order might then vary according to the particle size dependency of 
Ṙi, which is different for different sources of attrition. The mass of a single mother particle 
before attrition is given by the mass of the class divided by the number of particles, 
Equation 6-12.  
mp
mp i
p.i mp
p,i
m
m
N
=  Equation 6-12 (6-12) 
The mass of debris produced by a single mother particle is equal to mass of debris 
produced by the class divided by the number of particles of the class, as shown in 
Equation 6-13: 
de
de i
p.i mp
p,i
m
m
N
=  Equation 6-13 (6-13) 
Equation 6-9 can be then rearranged to obtain the mass of a single mother particle after 
attrition: 
mp mp de
p.i p.i p.it Δt t t Δt
m m m
+ +
= −  Equation 6-14 (6-14) 
Equation 6-14 can be rewritten in terms of extent of attrition rate, Equation 6-15, and in 
terms of particle size, Equation 6-16. 
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( )mp mpp,i p,i it Δt tm m 1 R Δt+ = −  
Equation 6-15 (6-15) 
( )
1
mp mp 3
p,i p,i it Δt t
d d 1 R Δt
+
= −  
Equation 6-16 (6-16) 
As mentioned earlier, if the new particle size still falls between the limits of the class 
there will not be mass transfer between classes. Moreover, the total mass of debris dem  
can be expressed as the summation of the masses of debris produced by all the classes 
above mp
mind , according to Equation 6-17: 
mp
min
n
de de
i
i i(d )
m m
=
=   Equation 6-17 (6-17) 
6.2.2 Classification 
Post attrition, the masses of mother and debris particles are reallocated according to their 
size by means of a classification function. For “N” number of classes, where “1” is the 
smallest and “N” the largest, mp
minn and 
de
maxn  are the class numbers corresponding  to 
mp
p,mind
and
de
p,maxd . A generic class “i” can receive mother particles from all the classes above [i+1, 
N], donate mother particles to any of the classes below [1, i-1], donate debris to any class 
between [1, de
maxn ] and, if the size of the class “i” happens to be below 
de
p,maxd , it can receive 
debris particles too, generated from the mother particles of any of the classes [ mp
minn , N]. 
This is described schematically in Figure 6-4. 
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Figure 6-4. Classification of the mass of mother and debris particles. 
The variation of mass in each class can be formalised in a generalised form by Equation 
6-18, where the first and second indices correspond to the belonging and travelling class, 
respectively. 
de mp
max min
N
mp mp de de
i k,i i,[1 i-1] i,[1 n ] [n  N],i
k=i+1
dm m m m +m= − −  Equation 6-18 (6-18) 
Once the masses are reallocated, the new size of the class is calculated as the average size 
weighed on the non-travelling mass after attrition, mi,i, and all the incoming masses, 
according to Equation 6-19. 
mp mp
p p pmin min
p
mp
min
N
mp mp de de
i,i i,i k,i k,i [n  N],i [n  N],i
k i 1
av,i N
mp de
i,i k,i [n  N],i
k i 1
m d m d m d
d
m m m
= +
= +
+ +
=
+ +


 Equation 6-19 (6-19) 
This diameter is then used to compute the mass of the new single particle and number of 
particles of the class, as shown by Equation 6-20 and Equation 6-21, respectively: 
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p
3
av,i
p,i p
d
m
6
=   
Equation 6-20 (6-20) 
i
p,i
p,i
m
N
m
=  Equation 6-21 (6-21) 
Here is where the information on the number of particles before classification is lost due 
to averaging within the class. It is clear that the wider the size class the greater would be 
the discrepancy between the number of particles before and after classification. 
The tendency should be to use the highest number of classes as possible in order to ensure 
the continuity of results. At this stage of development, no sensitivity analysis is performed 
here on the effect of the number of classes. Further work is needed to establish the 
independency of the solutions with the number of classes. 
6.2.3 Minimum Mother Particle Size 
Recalling the single particle breakage model, the minimum mother particle size, below 
which there is no attrition, can be evaluated by super-imposing conditions of no breakage, 
i.e. R=0, for a normal impact at a critical velocity, as shown in Equation 6-22: 
2
mp 2
p p,min p,crit sp
c
H
0 α d v b
K
=  −  Equation 6-22 (6-22) 
Equation 6-22 can be re-written to obtain the minimum mother particle size, as shown 
below in Equation 6-23: 
2
spmp
p,min
2
p p,crit
c
b
d
H
α v
K
=

 
Equation 6-23 (6-23) 
The critical impact velocity needs to account for and include the most severe conditions 
of attrition, therefore the collisions within the jet and at the entrance of the cyclone.  
In the jet, this is evaluated using the correlation of Bentham et al. (2004), developed for 
a fluidised bed of Geldart group B powder of 300-500 µm for a wide range of jet velocities 
and orifice size of 1 mm, shown in Equation 6-24. 
0.84
p,crit, jet jetv 0.0719 u=  
Equation 6-24 (6-24) 
It is noted that the above correlation, valid for a particular size cut in this case is applied 
in a very simplified way to all the bed inventory.  
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On the other hand, the critical particle impact velocity for cyclone attrition is evaluated 
using a correlation based on the CFD-DEM analysis of particle velocity in the inlet pipe 
of the cyclone, described in detail in Chapter 4. The correlation is shown below in 
Equation 6-25 and gives the particle-size-dependent particle velocity at the end of the 
inlet pipe (referring to Equation 4-59, L=Lmax): 
p p
p,crit ,cyc cyc,in
p p
A (d )
v u
B (d ) 1
 
=   + 
 Equation 6-25 (6-25) 
where Ap and Bp are two particle-size dependent parameters, described in Equation 4-60 
and Equation 4-61 of section 4.3.9.4.1.3. Using the cyclone inlet gas velocity as initial 
guess for vp,crit,cyc, the cyclone minimum mother particle size can be evaluated. It should 
be noted that this correlation, has been developed for F-CLC particles and therefore its 
validity could be reasonably extended only to materials with similar size and density.  
For the FB configuration, only the minimum mother particle size of the jet region is used 
and extended to the bubbling bed as well, while for the CFB configuration, due to the 
presence of the cyclone, two minimum mother particle sizes are used, one related to the 
jet and bubbling bed attrition, and one related to cyclone attrition. No sensitivity analysis 
is performed on the effect of the minimum mother particle sizes. 
6.2.4 Maximum Time Step 
At time t = 0 s, the system is empty except for the bottom of the column of the fluidised 
bed which holds the initial mass of solids, mbed,0. At time t > 0 s the solids circulate 
through the modules. When the inlet solids flow rate of a module is equal to the outlet 
one, a constant mass is established in the module. Before this equilibrium is reached, the 
entering solids stream requires a time equal to the average solids residence time of the 
module to exit the module itself. Mathematically, this is achieved by means of the 
Heaviside step function which delays the exit of the solids stream of a dead time equal to 
the average solids residence time of the module. The solids circulation rate depends on 
the operating conditions so the integration time step should account for how fast the solids 
are travelling by knowing how long it is needed to exit any module. The modules are the 
“elutriation” (freeboard), the cyclone (including the inlet pipe) and the recycle (return 
leg). Using a time step greater than any of the residence times would not physically 
describe the process and the modules would be by-passed. The maximum time step 
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allowed is then given by the minimum between the residence times of the modules, as 
reported by Equation 6-26:  
( )max freeboard cyc rect min , , =     Equation 6-26 (6-26) 
This value is to be taken as the very upper limit and it is therefore not suggested to be 
used. In general, the smaller the integration time step the more accurate the solution. 
Below, an estimation of the average solids residence times of each module is given: 
• Freeboard Average Solids Residence Time  
The freeboard average solids residence time of the module “elutriation” τfreeboard  
is calculated as the ratio between the length of the freeboard and the gas superficial 
velocity, which is theoretically equal to the terminal velocity of the largest particle 
size elutriated, Equation 6-27: 
freeboard
freeboard
sup
h
u
 =  Equation 6-27 (6-27) 
• Cyclone Average Solids Residence Time 
The cyclone average residence time τcyc, including the inlet pipe, is extrapolated 
from the CFD-DEM analysis of F-CLC particles in a Stairmand cyclone, carried 
out in Chapter 4, as a function of the inlet pipe length “L”, height of the cyclone 
“hcyc” and gas velocity at the inlet, Equation 6-28: 
cyc
cyc
cyc,inlet
2L 60h
u
+
 =  Equation 6-28 (6-28) 
• Recycle Average Solids Residence Time  
The average solids residence time of the recycle τrec is roughly estimated as the 
ratio between the height of the return leg and the free fall velocity of the maximum 
particle size elutriated which is equal to the gas superficial velocity, Equation 
6-29. 
rec
rec
sup
h
u
 =  Equation 6-29 (6-29) 
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6.2.5 Description of the Jet and Bubbling Bed Regions 
 
Figure 6-5. Jet and bubbling bed region 
The fluidised material at the bottom of the column undergoes attrition as caused by the 
jets and the bubbling bed. It is common to distinguish between the two sources for three 
main reasons: (i) they take place in relatively well distinct areas, the former from the 
distributor to the jet height and the latter form the jet height till the solids bed free surface, 
(ii) the attrition mechanisms might differ from mainly collisional in the jet region and 
mainly surface wear in the bubbling bed and (iii) the magnitude of attrition is larger in 
the jet region than the bubbling bed. In the PBM, a planar boundary is considered dividing 
the two regions, with the jet penetration height evaluated with the correlation of Merry, 
(1975), presented in Equation 5-21. As mentioned previously, the fluidised material is 
assumed to be perfectly mixed so the mass which undergoes jet attrition is simply a 
fraction of the mass of any class, referred to as Xjet. This is equal to the ratio of the jet 
height and the bed height, as given by Equation 6-30. At the same time, the fraction of 
bed which is subjected to bubbling attrition is Xbb, Equation 6-31. 
jet
jet
bed
h
X
h
=  Equation 6-30 (6-30) 
jet
bb
bed
h
X 1
h
= −  Equation 6-31 (6-31) 
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This is an over-simplification because jet attrition operates on the flux of entrained 
particles within the jet core. So, further investigation is needed here in order to improve 
the description of the attrition mechanisms occurring in the jet region. 
Recalling Equation 6-30 and Equation 6-31, the height of the bed is given by the model 
of Choi et al. (1999) as a function of the minimum fluidisation bed height and velocity, 
(hbed,mf, umf), and the superficial velocity usup, as shown in Equation 6-32: 
( ) ( )mf mf1.06u 1 1.06u
bed,mf mf
bed sup
h u
1 1
h u
+
 
= − −  
 
 
Equation 6-32 (6-32) 
Assuming incompressible fluid, the superficial gas velocity is computed as the ratio of 
gas volumetric flow rate and area of the column, Equation 6-33. 
f
sup
bed
Q
u
A
=  Equation 6-33 (6-33) 
while the minimum fluidisation velocity is evaluated using the correlation of Baeyens and 
Geldart, (1986), shown in Equation 5-22. 
The height of the bed at minimum fluidisation velocity, needed in Equation 6-32, is 
calculated from Equation 6-34: 
bed,0
bed,mf
bed bed,mf
m
h
A
=

 Equation 6-34 (6-34) 
where the bed bulk density at minimum fluidisation is evaluated according to Equation 
6-35, as a function of the void fraction at minimum fluidisation estimated from Ergun’s 
equation, (Ergun, 1952; Agu et al. 2019). 
( )bed,mf p mf f mf1 =  − +   Equation 6-35 (6-35) 
The mass that would undergo attrition in the jet and bubbling bed can be calculated 
according to Equation 6-36 and Equation 6-37, respectively: 
jet bed jetm m X=  
Equation 6-36 (6-36) 
bb bed bbm m X=  
Equation 6-37 (6-37) 
The two portions of mass will produce different amount of debris, the particles will shrink 
to different extents, and consequently be classified separately. Recalling Equation 6-18, 
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the mass balance for a class “i” for the jet/bubbling bed region can be summarised, as 
shown by Equation 6-38, as the combination of the jet and bubbling bed contributions: 
de de mp
max max min
N N
mp,jet mp,bb mp,jet mp,bb de,jet de,bb de
bed,i k,i k,i i,[1 i-1] i,[1 i-1] i,[1 n ] i,[1 n ] [n  N],i
k=i+1 k=i+1
m m m m m m m +m= + − − − − + d  
elut,i makeup,im m− +  
Equation 6-38 (6-38) 
The total extent of attrition of the fluidised bed can be expressed as the summation of that 
induced by the jet and bubbling bed region, as shown in Equation 6-39: 
bed jet bbR R R= +  
Equation 6-39 (6-39) 
where Rjet and Rbb are given by Equation 6-40 and Equation 6-41, respectively: 
jet jetR R t=   
Equation 6-40 (6-40) 
bb bbR R t=   
Equation 6-41 (6-41) 
Ṙjet and Ṙbb are the attrition correlations. The total mass of debris particles generated by 
the fluidised bed is eventually given by: 
de
bed bedm R m=  
Equation 6-42 (6-42) 
6.2.5.1 Jet Attrition 
The jet attrition correlation obtained experimentally for F-CLC particles is used here, 
Equation 6-43:  
2 1.7
jet jet or p jet or2
c
jet jet,0
H
R c n u d
K
u u

=  

 
 
Equation 6-43 (6-43) 
where ujet,0 is the jet transition velocity from no attrition to attrition. The correlation has 
been developed experimentally by normalising the steady state mass loss with the total 
mass of the bed inventory, for a certain period of time, Equation 6-44. 
de
jet
jet
bed
mSS mass of debris particle due to jet attrition
R
total mass of the bed solids t m t
= =
 
 Equation 6-44 (6-44) 
However, here, jet attrition is assumed to be confined to the portion of the bed limited by 
the jet height. Furthermore, no study has been carried out on the effect of particle size and 
mass fraction on the jet attrition, so it remains unknown how the attrition mass is 
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originated from the different size classes. Upon these reflections, the current model is 
corrected as shown below.  
• Correction of the Mass Used for Normalisation  
The normalised jet attrition rate defined on its mass of interest, i.e. the mass of 
solids below the jet height mjet, is referred to as Ṙꞌjet and defined in Equation 6-46 
de
jet'
jet
jet
mSS mass of debris particle due to jet attrition
R
 mass of the bed solids below jet height t m t
= =
 
 
Equati
on 
6-45 
(6-45) 
Ṙꞌjet is obtained by multiplying and dividing Ṙjet with mjet, and recalling that 
Xjet=mjet/mbed, as shown below in Equation 6-46   
de de
jet jet jet '
jet jet jet jet
bed jet jet
m m m
R X R X
Δtm m Δtm
= = =  Equation 6-46 (6-46) 
Hence, Ṙꞌjet can be written as Equation 6-47: 
'
jet jet
jet
1
R R
X
=  Equation 6-47 (6-47) 
The total mass of debris particles generated as result of jet attrition is then equal 
to Equation 6-48 
de '
jet bed jet jetm m R X Δt=  
Equation 6-48 (6-48) 
•  Distribution of the Total Attrition to Different Classes 
It is intuitive to think that very populated classes would have a larger weight in 
contributing to the total attrition as compared to less populated ones. According 
to Werther and Xi, (1993), the same concept applies to large particles as compared 
to small ones, which is fair considering the collisional nature of jet attrition and 
its established linear dependency on particle size, (Ghadiri et al. 1992; Boerefijn 
et al. 2007; Boerefijn et al. 2000). In view of these assumptions, the total mass of 
debris particles produced by jet attrition is partitioned between the size classes 
according to the particle size and the mass fraction of the classes, as shown below 
in Equation 6-49: 
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mp
min
mp
bed,i p,ide de
jet,i jet N
mp
bed,i p,i
i n
x d
m m
x d
=
=

 Equation 6-49 (6-49) 
Dividing both sides by 
mp
jetm t , Equation 6-50 is obtained: 
mp
min
de de mp
jet,i jet bed,i p,i
Nmp mp
mpjet jet
bed,i p,i
i n
m m x d
m t m t
x d
=
=
 

 Equation 6-50 (6-50) 
by considering that mjet, i = xbed,i mjet, where xbed,i is the mass fraction of the size 
class “i”, it is possible to derive Equation 6-51: 
mp
min
' mp
jet bed,i p,i'
jet ,i N
mpbed,i
bed,i p,i
i n
R x d
R
x
x d
=
=

 Equation 6-51 (6-51) 
the equation above can be then written as Equation 6-52, recalling that 
mp
min
N
mp
bed,i p,i
i n
x d
=
  is the average mother particle size of the bed inventory: 
mp
p,i' '
jet ,i jet mp
p,av
d
R R
d
=  Equation 6-52 (6-52) 
Eventually, by knowing the corrected normalised jet attrition rate of the class “i”, 
the mass of the mother particle shrunk due to jet attrition can be calculated 
following Equation 6-8.  
6.2.5.2 Bubbling bed Attrition 
The normalised attrition rate for the bubbling bed is defined as shown below in Equation 
6-53 
de
bb
bb
bed
mSS mass of debris particle due to bb
R
total mass of the bed solids t m t
= =
 
 Equation 6-53 (6-53) 
 According to Arena et al. (1983), Scala and Salatino, (2010) and Merrick and Highley, 
(1974a), the bubbling bed attrition is a linear function of the excess of fluidisation 
velocity, so it is here expressed as shown in Equation 6-54: 
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( )bb bb sup mf2
c
H
R c u u
K
=  −  Equation 6-54 (6-54) 
As mentioned earlier for the jet attrition, the corrected normalised attrition rate for the 
bubbling bed would be defined according Equation 6-55 
de
' bb
bb
bb
mSS mass of debris particle due to bb
R
mass of the bed solids above jet height t m t
= =
 
 Equation 6-55 (6-55) 
Below, the bubbling bed attrition rate is corrected to its mass of interest, as shown 
previously for the jet, and distributed to different classes. 
• Correction of the Mass Used for Normalisation  
As done previously for the jet attrition, the corrected normalised bubbling bed 
attrition rate can be written as shown in Equation 6-56: 
'
bb bb
bb
1
R R
X
=
 
Equation 6-56 (6-56) 
• Distribution of the Total Attrition to Different Classes  
Not having investigated the effect of particle size, the works of Donsi et al. (1981), 
Arena et al. (1983), Ray and Jiang, (1987), Chirone et al. (1991) are used here as 
a reference to assign a particle size dependency to the debris produced by the 
bubbles. Their experimental evidences suggest a direct relationship with the 
surface of the solids (available for attrition), proportional to “mbed/dp,bed”, for a 
wide range of materials. Therefore, the normalised attrition rate would be 
inversely proportional to the particle size as shown in Equation 5-6. On this base, 
the total mass of debris is shared between the classes according to Equation 6-57: 
mp
min
mp mp
bb,i p,ide de
bb,i bb N
mp mp
bb,i p,i
i n
m d
m m
m d
=
=

 Equation 6-57 (6-57) 
dividing both sides of Equation 6-62 by mp
bbm t  and knowing that mbb,i = xbed,i mbb, 
Equation 6-58 is obtained: 
mp
min
mp
p,i' '
bb,i bb N
mp
bed,i p,i
i n
1 d
R R
x d
=
=

 Equation 6-58 (6-58) 
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recalling that 
mp
min
N
mp
bed,i p,i
i n
1
x d
=

 is the definition of the Sauter mean diameter of the 
bed mother particles, the normalised bubbling bed attrition rate of the class “i” 
can be formalised as shown in Equation 6-61: 
mp
p,Saut' '
bb,i bb mp
p,i
d
R R
d
=  Equation 6-59 (6-59) 
Eventually, by knowing the corrected normalised bubbling bed attrition rate of the 
class “i”, the mass of the mother particle shrunk due to bubbling bed attrition can 
be calculated following Equation 6-8.  
6.2.5.3 Jet and Bubbling Bed Debris Particle Size Distribution 
The PSD of the material collected on the filter under steady state attrition at 55 m s-1 jet 
velocity is used as a reference to model the size of the debris particles in the PBM. The 
experimental PSD is obtained by the laser diffraction technique using the Mastersizer 
3000 and dry dispersion by Aero S, as shown in Chapter 5. Performing a deconvolution 
analysis, the bimodal trend is revealed to be composed of two Gaussians, as shown in 
Figure 6-6.  
 
Figure 6-6. Deconvolution of the PSD of fines collected on the filter at 55 m s-1 of jet velocity 
As indicated by Ray et al. (1987) and Ray and Jiang, (1987), it is possible to determine 
the mass fraction as a function of particle size using beta functions. Two symmetry 
parameters, ea (right-hand) and eb (left-hand) and an upper limit which suits well the role 
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of the maximum debris particle size formed by attrition, define the beta function, as 
shown in Equation 6-60. 
( )
a be e
p pa bde
beta p de de de
p,max a b p,max p,max
d de e 1 !1
x (d ) 1
d e !e ! d d
   + +
= −      
   
 
Equation 6-60 (6-60) 
So, the two Gaussians are fitted with two beta functions using a 
de
p,maxd  of 80 µm, as 
indicated by the laser diffraction results. The two beta functions are found to be 
convoluted by a scaling factor β= 0.92, so the mass fraction “xde” can be expressed 
according to Equation 6-61.  
de de de
beta1 beta2x x (1 )x=  + −  
Equation 6-61 (6-61) 
The curves are shown individually in Figure 6-7, while their fitting parameters, “ea” and 
“eb” are reported in Table 6-1. They are two real numbers but only their integer part is 
considered for the factorials of Equation 6-60. 
Table 6-1. Deconvolution fitting parameters of beta functions: ea and eb. 
 beta 1 beta 2 
ea [-] 1.64 3.07 
eb [-] 49.83 4.78 
de
p,maxd  [µm] 80 
 
 
Figure 6-7. The curve beta 1 and beta 2 fitting the experimental PSD of fines collected at the filter at 55 m s-1 of jet 
velocity 
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The two peaks at about 2.5 and 30 µm might be the result of surface abrasion, mainly 
occurring in the bubbling bed, and chipping due to particle collision in the jet, 
respectively. This is also supported by the observations on the debris PSD of the cyclone 
experiments, presented in Chapter 4, which show the same two peaks, at all experimental 
conditions, as a result of surface abrasion due to sliding against the walls and collisions 
at the entrance. In view of these considerations, it is here assumed that the proportionality 
between the two beta functions would vary with the same proportionality that exists 
between the jet and the bubbling bed region, dictated by Xjet, through the scaling factor 
β, according to Equation 6-62: 
jet1 cX = −  
Equation 6-62 (6-62) 
where “c” is a constant found to be equal to 0.3 for an Xjet=0.26 and β =0.92 (at 55 m s-1 
gas jet velocity). Various debris PSD at different hypothetical Xjet are reported in Figure 
6-8 as example. 
 
Figure 6-8. Debris size distribution for different Xjet 
6.2.6 Entrainment 
Particles are ejected from the bed free surface into the freeboard mainly by bubble 
eruption. Depending on the gas velocity, entrained particles can either rise or fall. So there 
exists a freeboard height that allows most of the particles having a terminal velocity larger 
than the superficial velocity to fall back in, and as a result the entrainment rate does not 
change appreciably thereon. This is defined as Transport Disengagement Height (TDH), 
(Sciazko et al. 1991; Cahyadi et al. 2015). On this basis, the entrainment rate can be seen 
as the summation of (i) a dispersed non-cluster flux which remains constant with the 
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freeboard height and (ii) and a cluster flux which follows an exponential decay with the 
freeboard height, (Kunii and Levenspiel, 1990; Adánez et al. 1994; Choi et al. 1999). The 
model of Choi et al. (1999) is used here to calculate the entrainment rate in the freeboard, 
(Haus et al. (2017 and 2018)). The correlation has been developed on the basis of a vast 
sets of experimental data obtained at different scales, bed particle size distribution, 
particle densities, temperature, and superficial velocities. The entrainment flux constant 
for a size class “i”, Ki*, is given by Equation 6-63: 
* * *
i h,i ,iK = K + K  
Equation 6-63 (6-63) 
where 
*
h,iK is the cluster flux which follows an exponential decay with the height of the 
bed while 
*
,iK is the dispersed non-cluster entrainment rate independent from the 
freeboard height. The former is defined in Equation 6-64:  
( )( )*h,i D p tot bed
p,i
K C Re exp 9.12 0.0153a h h
d

= − − −  Equation 6-64 (6-64) 
The particle Reynolds number Rep is defined in Equation 5-18 while the drag coefficient 
CD is calculated according to Equation 6-65, (Choi et al. 1999), :   
p p
0.5
D p p
p
24 / Re        for Re 5.8
C 10 / Re       for 5.8 Re 540
0.43              for 540<Re


 


 
Equation 6-65 (6-65) 
On the other hand, *
,iK  is calculated as shown by Equation 6-66: 
* 0.5 0.303
,i g 0.902
p,i d
13.1
K Ar exp 6.92 2.11F
d F

 
= − − 
 
 Equation 6-66 (6-66) 
Ar, Fg, and Fd are the Archimedes number (calculated according Equation 5-20), the 
gravity force minus the buoyancy force per projection area of the particle (calculated in 
Equation 6-67), and the drag force acting on the particle per projection area (calculated 
in Equation 6-68), respectively: 
( )g p p fF gd=  −  Equation 6-67 (6-67) 
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2
sup
d D f
u
F C
2
=   
Equation 6-68 (6-68) 
In order to obtain the entrainment flux, the entrainment flux constant needs to be 
multiplied by the mass fraction of the bed solids. 
6.2.7 Description of the Cyclone Attrition and Separation Efficiency 
The correlation of particle attrition in the cyclone, obtained from the CFD-DEM study 
and experimental analysis on F-CLC, is used here. The cyclone has the role of separating 
the solids from the gas stream so they can be recycled. The two mechanisms of attrition 
and separation are modelled in series with attrition occurring first. It implies that the 
material subjected to separation has already undergone attrition, (Werther and Hartge, 
2004; Klett et al. 2007; Hartge et al. 2007; Redemann et al. 2009). The separation is 
described according to the critical load hypothesis suggested by Muschelknautz, (1997) 
which divides the cyclone separation into a spontaneous separation of the surplus mass at 
the cyclone inlet and a subsequent inner vortex separation of the remaining critical mass. 
6.2.7.1 Cyclone Attrition 
The extent of attrition induced by the cyclone for a size class “i” is reported below in 
Equation 6-69: 
3
cyc,in
cyc,i cyc2 0.2
c p,i
cyc,in cyc,0
uH
R c
K d
u u

= 

 
 Equation 6-69 (6-69) 
where ucyc,0 is the transition cyclone gas inlet velocity, below which no attrition is 
expected, as described in section 4.2.4.4 and defined in Equation 4-4. 
The correlation, obtained for a narrow size cut, is assumed to be valid within a mixture 
as well. Further investigation is needed to support this assumption. 
6.2.7.2 Cyclone Separation Efficiency 
As indicated by Muschelknautz, (1997), the turbulence in the cyclone entails only a 
certain solids fraction which can be carried in the swirling flow. If the solids loading 
exceeds a critical value µlim, the excess mass fraction is removed immediately and 
unfractionated after the cyclone inlet by forming strands or a continuous layer at the wall. 
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Only a small fraction of finer particle size distribution, referred to as “inner feed”, remains 
in the gas flow and undergoes centrifugal separation in the cyclone inner vortex.  
The efficiency separation at the wall ηe is given by Equation 6-70: 
lim
e 1

 = −

 Equation 6-70 (6-70) 
where µ is the solids loading of the feed of the cyclone, defined in Equation 4-2 as the 
ratio of the solids flow rate and the gas flow rate. The inner feed cumulative PSD is 
approximated with a Rosin-Rammler-Sperling-Bennet function (RRSB) as shown in 
Equation 6-71: 
1.2
p
Ai p
50,Ai
d
R (d ) 1 exp
1.3d
  
 = − −     
 Equation 6-71 (6-71) 
where d50,Ai is a characteristic particle size. With increasing feed solids loading, the 
separation efficiency at the wall ηe increases as shown in Equation 6-70; the separation 
efficiency at the inner vortex however, declines due to the decrease of the inner tangential 
velocity. On the other hand, if the solids loading does not exceed the critical value all the 
feed will be carried away in the inner vortex. 
The mass fraction of a class “i”, xcyc,exit,i, leaving from the top exit of the cyclone can be 
then expressed for the two cases as follows, Equation 6-72: 
eff ,IF,i p,ilim
cyc,exit ,i cyc,IF,i lim
eff
eff ,IF,i p,ilim
cyc,exit ,i cyc,in,i lim
eff
1 (d )
x x              for 
1
1 (d )
x x               for 
1
−  
=   
 − 

−  =   
  − 
 Equation 6-72 (6-72) 
where ηeff,IF,i(dp,i) is the grade efficiency of separation in the inner vortex and ηeff  is the 
total efficiency of separation, given by Equation 6-73: 
( )
eff eff ,IF lim
lim
eff eff ,IF lim
                                              for 
1 1                           for 
 =    


 = − −     
 Equation 6-73 (6-73) 
The cyclone grade efficiency can be written as shown below in Equation 6-74: 
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( ) cyc,exiteff ,i eff
cyc,in
x
1 1
x
 = − −   Equation 6-74 (6-74) 
Thus, the mass rate of the class “i” leaving the cyclone from the top and bottom exit are 
calculated using the grade efficiency according to Equation 6-75 and Equation 6-76,  
respectively: 
cyc,exit,i cyc,in,i eff ,im m (1 )= −  
Equation 6-75 (6-75) 
cyc,rec,i cyc,in,i eff ,im m=   
Equation 6-76 (6-76) 
6.2.7.3 Cyclone Debris Particle Size Distribution 
The PSDs of the debris collected from the experimental work on cyclone attrition, as 
given by the laser diffraction technique using the Malvern Mastersizer 3000 and 
dispersion by Aero S, are used as a reference for the PBM. The debris particles are 
obtained from experiments carried out on F-CLC particles at different conditions of gas 
velocities, solids loadings, and particle sizes. The two beta functions used to fit the debris 
PSD in the fluidised bed, with parameters reported in Table 6-1, are applied here to 
describe the common modes between all the conditions tested, as seen in Chapter 4 and 
reported in Figure 6-9. The highest peak concerning large fragments is not considered 
because the PBM, as developed here, only accounts for breakage derived from surface 
damage which causes shrinking of the particles. Moreover, in Figure 4-10, the Schumann 
plots of the cyclone attrition results show that that the fragmentation limit is not reached.  
 
Figure 6-9. Debris PSD of the cyclone experiments obtained for different feed particle size conditions, gas inlet 
velocities and solids loadings. The legend is organised as shown: feed particle size [gas inlet velocity; solids loading] 
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A representative debris PSD curve is obtained by averaging the PSDs obtained at all 
conditions, truncating it at 
de
p,maxd equal to 80 µm and rescaling to have the unitary sum of 
the mass fractions. By doing so, the mode concerning the fragments are excluded. This 
curve is shown in Figure 6-10 and referred to as “Exp”. It should be noted that this would 
lead to an overestimation of the debris mass fraction of small sizes because of the 
truncation of the contribution given by the fragments. A proportionality factor of β=0.3 
is found to best describe this curve by convolution of the function beta 1 and 2, by 
minimising the summation of the standard deviations. In particular, the function beta 1, 
of mode of 2.5 µm, is used to describe the bimodal behaviour shown at 0.6 and 5 µm and 
the function beta 2 is used to describe the peak at about 30 µm. 
 
Figure 6-10. The curve beta 1 and beta 2 fitting the experimental representative PSD of debris collected from the 
cyclone attrition experiments. 
It has to be outlined that these experimental PSDs are related to the material which was 
collected at the cyclone catch-pot. Therefore, the very fine particles, which have escaped 
the cyclone could not be considered leading to an underestimation of the finest fraction. 
Moreover, the debris PSDs obtained experimentally for F-CLC are the result of relatively 
large feed particles, from 180 to 400 µm, while the particle size of the elutriation stream, 
which feeds the cyclone, could be composed of smaller particles depending on the 
operating conditions. In the instance that the largest feed particle size is smaller than 
de
p,maxd , the debris PSD would be truncated to the largest particle size fed and rescaled to 
have the unitary sum of their mass fraction. This needs improvement by further 
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investigating the debris PSD obtained by attrition in the cyclone for much smaller feed 
particle sizes. 
6.3 Results and discussions 
6.3.1 Validation 
To verify the robustness and validity of the PBM the same fluidised bed apparatus used 
for the jet attrition study is simulated, and the outcomes are compared with the 
experimental results. However, this could not be done for the circulating fluidised bed 
configuration, because no experiments were performed on such system, thus further 
investigation is needed in this matter. The jet and bubbling bed attrition rates, as well as 
the debris PSD, are obtained from the same fluidised bed apparatus and modelled to be 
implemented in the PBM, so they cannot be used as validation criteria. On the other hand, 
a qualitative validation can be carried out by comparing the predicted bed inventory PSD 
and the mass loss rate with those evaluated experimentally. For this purpose, the whole 
experimental history on the fluidised bed shown in Chapter 5 of F-CLC is simulated by 
the PBM. The error between predicted and experimental values is also computed to 
estimate quantitively the robustness of the PBM. The dimensions of the fluidised bed and 
other main simulation parameters, such as attrition constants, gas specifications and time 
step are reported in Table 6-2.  
The jet velocities and sizes are varied to replicate the 67 days of experiment on F-CLC 
particles, referred to as “EXP 1” in Chapter 5. Consistent with the experiments, the porous 
base is also considered in the PBM as additional source of fluidising gas.  
The initial particle size distribution of the bed inventory used in the PBM is that given by 
laser diffraction. Hence, in this case, the predefined size classes given by the laser 
diffraction results are used. Laser diffraction gives the PSD on the volumetric basis which 
is directly comparable with that predicted by the PBM, on mass basis, assuming constant 
particle density. 
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Table 6-2. Simulation specifications used in PBM for validation against experimental results for F-CLC particles 
Symbol Description Value Unit 
measure 
Fluidised Bed Column 
dbed Bed diameter 0.1 m 
dor Jet diameter [3, 4, 5] mm 
htot Total column height 0.986 m 
njet Number of jets 1 - 
Gas and Solid Conditions 
ρp Particle envelope density 3300 kg m-3 
dp,Saut Sauter mean diameter 126.1 µm 
mbed,0 Initial mass of solids 3.2 kg 
g Gravity 9.8 m s-2 
gas AIR  
P Pressure 101325 Pa 
T Temperature 25 C° 
umf 
(calculated) 
Minimum fluidisation velocity 0.020 m s-1 
usup Superficial velocity  0.243 m s
-1 
ujet Jet velocity 
[30.00, 42.50, 48.75, 
55.00] 
m s-1 
p,max_ elutd  
(calculated) 
Maximum particle size 
elutriated 
53 µm 
Attrition Parameters 
1. Single Particle 
2
c
H
α
K
 
Single particle breakability 
index 
2.69x10-5  m2 J-1 
bsp 
Single particle breakage 
model constant  
2.32 x105 - 
2. Jet attrition 
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cjet Jet attrition index 5.53 x10-7 m-0.7 s-1 
^
jetu  
Jet velocity power 
dependency 
2 - 
^
jetd  Jet size power dependency 1.7 - 
jet0u  Jet transition velocity 13.5 m s
-1 
jet
mp
p,min v 55 m/s
d
=
 
(calculated) 
Minimum mother particle size 
at 55 m s-1 jet velocity 
60.0 µm 
3. Bubbling bed attrition 
cbb Bubbling bed attrition index 4.85 x10-4 kg m-1 s-2 
4. Debris PSD 
ea, beta1 Beta 1 function constant 1.64 - 
e b, beta1 Beta 1 function constant 49.83 - 
e a, beta2 Beta 2 function constant 3.07 - 
e b, beta2 Beta 2 function constant 4.78 - 
de
maxd  Maximum debris size 80 µm 
Simulation Parameters 
Δt Integration time step 0.5 s 
Δtsave Saving time step 40 s 
dp,max 
Maximum particle size 
considered 
735 µm 
N Number of classes 82 - 
span Class span variable µm 
ttot Total simulation time 67 days 
 
The comparison between the experimental normalised loss rate of “EXP 1”, described in 
section 5.4.1, with that given by the PBM at all the conditions of jet velocities and orifice 
sizes is reported in Figure 6-11. As shown, the normalised loss rate given by the PBM 
reflects the experimental outcomes. This is expected as the attrition correlations are 
developed based on the steady state loss rate of the same experiments. The main 
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discrepancy between the two is shown in the initial transient period where fluidisation is 
provided only by the porous base. This is mainly due (i) to the initial degree of pre-
existing fines which are immediately elutriated together with the debris produced by 
attrition. It is intuitive to think that the higher the initial extent of elutriable fines the 
longer it would take to reach a stationary loss rate which, at this point, is going to be 
directly dictated by attrition. Another possible reason is that, (ii) in reality, the initial 
attrition rate of fresh material is higher due to the removal of the surface irregularities. If 
this effect is accounted for, by introducing an age factor into the attrition correlation, 
(Redemann et al. 2009), the transient period would be even more delayed. Moreover, (iii) 
the given extent of pre-existing elutriable fines, in this case all the particles below about 
53 µm, is given by laser diffraction analysis and therefore inevitably dependent on the 
accuracy of the measurement technique. It needs to be further considered that (iv) 
entrainment is here immediate while it is itself not an immediate phenomenon. 
 
Figure 6-11. Comparison of the experimental normalised loss rate from the fluidised bed for F-CLC with that 
predicted by the PBM for different jet velocities and orifice sizes. The legend is organised as [jet velocity; orifice 
size].  
A more robust idea of the ability of the PBM to simulate an actual system can be given 
by comparing the cumulative PSD predicted by the PBM with that of the bed inventory 
at the end of the experiment, reported in Figure 6-12, showing a very good agreement. 
The arithmetic mean diameter and the Sauter mean diameter of the bed are reported and 
compared in Table 6-3. The percentage error is also calculated according to Equation 6-77 
and reported in the same table to quantify the predictive ability of the PBM. As shown, 
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the prediction in terms of arithmetic average bed solids diameter does not exceed 2% 
while the Sauter mean diameter of the bed solids seems to be also well predicted, as the 
error remains below 6%. A more robust validation of this PBM could be given by 
comparing its outcomes with different materials and on an actual circulating fluidised bed 
systems. More work is needed on this matter.  
p,exp p,sim
p,exp
d d
100
d
e
−
=   
Equation 6-77 (6-77) 
 
Figure 6-12. Comparison of the experimental PSD with the simulation at the end of the experiments for F-CLC  
Table 6-3. Comparison of the bed average diameters 
Characteristic 
particle size 
[µm] 
before 
attrition (exp) 
after attrition 
(exp) 
PBM 
error exp vs PBM, 
[%] 
dp,av,bed 321.5 316.3 320.9 1.4 
dp,Saut,bed 109.4 286.5 270.8 5.5 
 
6.3.2 Simulation of Particle Attrition in a Fluidised bed and a Circulating 
Fluidised Bed 
Several simulations are performed for both a fluidised bed and a circulating fluidised bed 
to elucidate the dynamic response of the process to particle attrition as originated from 
the bubbling bed, jet region, and cyclone. Results and discussion are presented next for 
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the fluidised bed and circulating fluidised bed configurations. Particular attention is paid 
to the effect of jet velocity, the single particle breakability, and the integration time step. 
The simulations time is 10 days while the default time step used is 0.5 s. Under these 
conditions, the simulation real time is about 3.2 hours, using a single core of 3.2 GHz, 
performing 150 time-steps per second. However, the simulation speed can be highly 
affected by the saving time step, here set to 40 s, and the number of classes set to 490 
(from 0 to 735 µm with a narrow constant span of 1.5 µm to increase the stability of the 
resolution as well as improving the continuity of the results). The dimensions of the 
column of the CFB system replicate the fluidised bed apparatus used for the experimental 
work on jet attrition, except for the bed porous plate gas distributor which is not used in 
this case, so only the jet provides the fluidisation gas determining directly the superficial 
velocity, assuming a homogeneous fluidisation in the bubbling regime. Regarding the 
cyclone, the dimensions are those of the Stairmand type used for the experimental work 
on cyclone attrition. More specifications on the dimensions of the system and the 
operating conditions are reported below, in Table 6-4. 
Table 6-4. Simulation specifications 
Symbol Description Value 
Unit 
measure 
Fluidised Bed Column 
dbed Bed diameter 0.1 m 
dor Jet diameter 0.005 m 
htot Total column height 0.986 m 
njet Number of jets 1 - 
Cyclone (Figure 4-4) 
acyc inlet height 0.02 m 
bcyc inlet base 0.01 m 
dcyc Cyclone diameter 0.04 m 
drec Bottom exit diameter 0.01 m 
dVF Diameter vortex finder 0.02 m 
hcyc, body Height of cylindrical body 0.08 m 
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hcyc, body, VF 
Height of vortex finder within the 
cylindrical body 
0.03 m 
htot,cyc Total height of the cyclone 0.16 m 
Lcyc, inlet Inlet pipe length 0.35 m 
Return Leg 
hrec htot- htot,cyc 0.826 m 
Default Case Operating Conditions 
mbed0 Initial mass of solids 3.2 kg 
g Gravity 9.8 m s-2 
gas AIR   
P Pressure 101325 Pa 
T Temperature 25 ° 
dp,saut Initial Sauter mean diameter 294.7 µm 
umf Minimum fluidisation velocity 0.086 m s
-1 
Attrition Parameters 
F CLC−
2
c
H
α
K
 Single particle breakability index 2.69x10-5 m2 J-1 
bsp Single particle breakage model constant  2.32 x10-5 - 
bcyc Cyclone attrition constant term  4.95 x10-5 s-1 
bjet Jet attrition constant term 1.10 x10-9 s-1 
cbb Bubbling bed attrition index 1.25 x10-3 kg m-1 s-2 
ccyc Cyclone attrition index 1.67 x10-6 kg s m-2 
cjet Jet attrition index 5.53 x10-7 m-0.7 s-1 
ea, beta1 Beta 1 function constant 1.64 - 
e b, beta1 Beta 1 function constant 49.83 - 
e a, beta2 Beta 2 function constant 3.07 - 
e b, beta2 Beta 2 function constant 4.78 - 
de
maxd  Maximum debris size 80 µm 
Standard Case Simulation Parameters 
Δt Integration time step 0.5 s 
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Δtsave Saving time step 40 s 
dp,max Maximum particle size considered 735 µm 
N Number of classes 490 - 
span Class span 1.50 µm 
ttot Total simulation time 10 days 
 
The initial particle size distribution of the bed inventory is that given by laser diffraction 
of  F-CLC adapted to the classes of the PBM by means of a Gaussian fitting, given in 
Figure 6-13, which returns a Sauter mean diameter equal to 294.7 µm and arithmetic mean 
particle size of 338.8 µm. 
 
Figure 6-13. PSD of F-CLC used for validation of the PBM against experimental results 
6.3.2.1 Fluidised Bed configuration 
Referring to Table 6-5, several fluidised bed simulations are performed to look at the 
effect of time step, 0.1, 0.5 and 1 s, (cases 1, 2, 3, respectively), jet velocity, 55, 75, 95, 
115 m s-1 (cases 2, 4, 5, 6, respectively) and the effect of particle breakability by setting 
0.01, 0.1, 1, 10 and 100 times the breakability index of F-CLC (cases 2, 7, 8, 9, 10, 
respectively). As mentioned, each jet velocity corresponds to a superficial velocity, thus 
using the values mentioned above it is possible to fluidise the bed from 1.7 to 3.4 times 
umf. Neither make-up stream nor cyclone is considered for this configuration. Initially, 
the results obtained from the default conditions of case “2” are analysed and reported 
below. 
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Table 6-5. Simulations of fluidised bed (default case highlighted) 
FB configuration 
# Δt [s] ujet [m s-1] 
usup 
[m s-1] 
usup/umf 
[-] 
ttot 
[days] 
X
F CLC−
 
  
 
2
c
H
α
K
 
loss 
tolerance 
[%] 
1 0.1 55 0.139 1.7 10 1 100 
2 0.5 55 0.139 1.7 10 1 100 
3 1 55 0.139 1.7 10 1 100 
4 0.5 75 0.190 2.2 10 1 100 
5 0.5 95 0.240 2.8 10 1 100 
6 0.5 115 0.291 3.4 10 1 100 
7 0.5 55 0.139 1.7 10 0.01 100 
8 0.5 55 0.139 1.7 10 0.1 100 
9 0.5 55 0.139 1.7 10 10 100 
10 0.5 55 0.139 1.7 10 100 100 
 
6.3.2.1.1 Default Case Fluidised Bed 
Under the conditions of the default case, the minimum mother particle size is calculated 
to be 60 µm. As shown in Figure 6-14, the jet attrition rate is nearly one order of 
magnitude larger than that of the bubbling bed. The former is in fact about 94% of the 
total attrition rate.  
 
Figure 6-14. Attrition rates and loss rate for the FB 
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The rate of loss of material from the system, which is in this case equal to the elutriation 
rate, is initially extensively higher than the attrition rate, and requires about a day to reach 
a steady state. This is shown in Figure 6-15 in terms of magnitude of the difference 
between loss and attrition rate. Having the typical form of the absolute value function, the 
discontinuity represents the point where the loss and attrition rates intercept. Referring to 
Figure 6-16, it is clear how the PSD of the elutriation stream gradually shifts from the 
pre-existing fines to that of the debris produced by attrition (much finer). It follows that 
the average particle size of the bed inventory initially increases due to the removal of the 
pre-existing fines and later on decreases as a result of attrition, at this point dictating the 
loss rate. This is shown in Figure 6-17. The bed inventory PSD after 10 days is reported 
in Figure 6-18, showing a slight shifting towards smaller sizes for the larger particles and 
loss of the finer fractions. 
 
Figure 6-15. Magnitude of difference between loss rate and attrition rate as a function of time for the FB 
 6-40 
 
Chapter 6 
    
 
 
 
Figure 6-16. Sauter mean diameter of the debris produced in the FB by attrition and the elutriation rate as a function 
of time 
 
 
Figure 6-17. Bed inventory Sauter mean diameter, elutriation, and attrition rate as a function of time for the FB 
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Figure 6-18. Cumulative PSD of the bed inventory before and after attrition for the FB 
6.3.2.1.2 Effect of Time Step 
Three different time steps of 0.1, 0.5 and 1 s, are used in order to check their influence on 
the simulation results shown in Figure 6-19. The three are within the maximum allowed 
time step, which is equal to 5.5 s. 
It is clear that no effect is observed on the mass loss rate and the cumulative mass loss, as 
the curves are overlapping. However, for the bed Sauter mean diameter, shown in Figure 
6-20, it appears that the time step has had some influence. This can be explained by 
considering that different time steps would lead to different patterns of travelling masses, 
smoother or coarser, for smaller and larger time steps, respectively, influencing in this 
way the development of the PSD. However, the error between the Sauter mean diameter 
corresponding to 0.1 and 1 s after 10 days is of 0.3% and therefore not significant. 
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Figure 6-19. Loss rate and cumulative mass loss for a FB as a function of time for a time step of 0.1 s, 0.5 s and 1s 
 
Figure 6-20. Sauter mean diameter of the bed inventory as a function of time for a time step of 0.1 s, 0.5 s and 1s for 
the FB 
6.3.2.1.3 Effect of Jet Velocity  
With increasing jet velocity, attrition is expected to increase. The jet velocity dictates the 
overall volumetric gas flow rate within the column and therefore the superficial velocity. 
This leads to an increase in: (1) the elutriation rate, (2) the maximum particle size eligible 
for entrainment, (3) the jet attrition and (4) the bubbling bed attrition. Thus, the response 
of the system is not obvious as there are two main competing mechanism depending on 
the same variables: attrition and entrainment. Another main effect of the jet velocity is on 
the estimation of the minimum mother particle size 
mp
p,mind , according to Equation 6-23, 
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and the mass fraction of the bed present in the jet region Xjet, calculated according 
Equation 6-30, as the jet length increases with the jet velocity. They are shown in Figure 
6-21.  
 
Figure 6-21. Xjet, mass fraction of the bed subjected to jet attrition for the FB 
From Figure 6-22, it is evident how the loss rate links to the attrition rate in the same 
manner but at different times. In particular, increasing the jet velocity, the steady state 
conditions are delayed for the reasons mentioned in point (1) and (2). This is confirmed 
by the Sauter mean diameter of the elutriated material, shown in Figure 6-23. At the initial 
time, this is mainly determined by the presence of the pre-existing fines, while later on it 
reflects the size of the debris produced by attrition (much finer than the pre-existing fines). 
At the initial time, the removal of pre-existing fines would lead to an increase of the bed 
Sauter mean diameter, more pronounced for higher jet velocities because of larger 
fractions of fines being removed and more promptly. At later times, when the rate of 
removal of pre-existing fines becomes less important than the attrition rate, the bed Sauter 
mean diameter decreases, more pronouncedly for higher jet velocities, due to the higher 
attrition rate. This is shown in Figure 6-24. 
 
 
 
 
 6-44 
 
Chapter 6 
    
 
 
 
Figure 6-22. Attrition and elutriation rate of the FB for different jet velocities 
 
 
Figure 6-23. Elutriation stream Sauter mean diameter for different jet velocities for the FB 
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Figure 6-24. Bed inventory Sauter mean diameter for different jet velocities for the FB 
It is important, at this point, to consider that attrition analysis needs to be carried out at 
steady state. For example, referring to the case of 115 m s-1 of Figure 6-24, if the 
simulation stopped before 1 day it could have been mistakenly concluded that the effect 
of attrition on the system is to coarsen the bed inventory. The cumulative PSD of the bed 
inventory after 10 days is given in Figure 6-25 showing at increasing jet velocities that: 
(i) the shrinking of large particles slightly increases (80-700 µm), (ii) the content of 
relatively large fines (15-80 µm, which roughly corresponds to the minimum mother 
particle sizes) decreases and (iii) the content of small fines increases (0-15 µm). 
 
Figure 6-25. PSD of the bed inventory after 10 days for the FB 
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6.3.2.1.4 Effect of Single Particle Breakability Index 
The single particle breakability index of F-CLC, 
F CLC−
2
c
H
α
K
and constant term bsp, which 
are presented in Figure 3-17, are the reference values to study the effect of single particle 
breakability on the system by artificially manipulating them. Thus, the reference values 
are multiplied by a proportionality factor, called Xbreakability, equal to 0.01, 0.1, 1, 10 and 
100. This allows to check the effect of attrition propensity at constant conditions of jet 
velocity, 55 m s-1 (superficial velocity 0.14 m s-1). Several implications are expected by 
manipulating the breakability index, for instance by increasing it: (1) the jet attrition 
linearly increases, (2) the bubbling bed linearly increases, (3) leading to a reduction in 
bed particle Sauter mean diameter, (4) the transient period where the pre-existing fines 
are removed by elutriation is shorter due to the overwhelming high attrition rate (5) 
affecting in this way the PSD of the elutriated fines. It should be noted that the minimum 
mother particle size, below which there is no attrition, remains constant for all the 
conditions tested as both breakability index and constant term are multiplied by the same 
proportionality factor not affecting Equation 6-23. Referring to Figure 6-26, it is clear 
that for low breakability indices, the loss would be dictated by the elutriation of the pre-
existing fines as compared to very high particle breakability, where attrition dictates the 
loss since the beginning, confirming point (4). The gradual decrease observed for the 
“x100” case is due to the reduction of the bed inventory mass given by the high degree of 
loss. The implications on the PSD of the elutriated material are shown in Figure 6-27 in 
terms of Sauter mean diameter. It is evident that an elutriation stream poor in debris 
particles produced by attrition, like in the case of X0.01, would be coarser due to the 
dominant presence of the pre-existing fines, (i.e. the pre-existing fines are coarser than 
the characteristic debris PSD), as compared to one saturated of debris particles produced 
by attrition, like in the case of X100.  
It is also intuitive to think that higher breakability indices would lead to a much greater 
reduction in size of the bed particles. The cumulative PSD of the bed inventory after 10 
days is reported in Figure 6-28, confirming the remarkable shrinkage at high single 
particle breakability indices. 
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Figure 6-26. Attrition and elutriation rate for different single particle breakability for the FB 
 
 
Figure 6-27. Sauter mean diameter of the elutriated material for different particle breakability indices for the FB 
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Figure 6-28. PSD of the bed inventory for different particle breakability indices for the FB 
6.3.2.2 Circulating Fluidised Bed Configuration 
Similar with the study conducted on the fluidised bed, referring to Table 6-6, several CFB 
simulations are performed in order to investigate the effect of time step, 0.1, 0.25, 0.5 and 
1s, (respectively cases 1, 2, 3, 4) leading to the same conclusions obtained for the FB 
case. Furthermore, the effect of the jet velocity is investigated by varying it as 55, 75, 95, 
115 m s-1 (respectively cases 3, 5, 6, 7), as well as the effect of particle breakability, X0.01, 
X0.1, X1, X10, X100 times the breakability index of F-CLC (respectively cases 3, 8, 9, 10, 
11). All the cases are featured with a discontinuous make up stream of fresh material 
when 0.5% of the total mass of the process is lost. Moreover, case 12 is used to study the 
start-up behaviour by simulating 0.2 days by increasing the sampling rate, using a saving 
time step equal to the integration time step, this analysis is reported in the Appendix 
section. As mentioned previously in Table 6-6, each jet velocity corresponds to a 
superficial velocity. The results obtained from the default case are analysed and reported 
in the next section. 
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Table 6-6. Simulations of circulating fluidised bed (default case highlighted) 
CFB configuration 
# Δt [s] 
ujet 
 [m s-1] 
usup 
[m s-1] 
usup/umf 
[-] 
ttot 
[days] 
x
F CLC−
 
  
 
2
c
H
α
K
 
loss 
tolerance 
[%] 
1 0.1 55 0.139 1.7 10 1 0.5 
2 0.25 55 0.139 1.7 10 1 0.5 
3 0.5 55 0.139 1.7 10 1 0.5 
4 1 55 0.139 1.7 10 1 0.5 
5 0.5 75 0.190 2.2 10 1 0.5 
6 0.5 95 0.240 2.8 10 1 0.5 
7 0.5 115 0.291 3.4 10 1 0.5 
8 0.5 55 0.139 1.7 10 0.01 0.5 
9 0.5 55 0.139 1.7 10 0.1 0.5 
10 0.5 55 0.139 1.7 10 10 0.5 
11 0.5 55 0.139 1.7 10 100 0.5 
12 0.5 55 0.139 1.7 0.2 1 0.5 
 
6.3.2.2.1 Default Case Circulating Fluidised Bed 
The minimum mother particle sizes are in this case equal to 60 and 15 µm for the 
jet\bubbling bed region and cyclone, respectively. 
As shown in Figure 6-29 , the jet attrition rate is nearly one order of magnitude larger 
than that of the bubbling bed, under these conditions. At the same time, the cyclone is the 
source of attrition which contributes less with respect to the formers.  
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Figure 6-29. Attrition and loss rates for the CFB 
The rate of loss of material from the system is limited by the cyclone efficiency, so the 
system requires less time, as compared to the FB configuration, to reach the steady state 
loss rate, as confirmed by Figure 6-30 which shows the magnitude of the difference 
between the loss and attrition rate. From the same figure it is possible to see two peaks at 
about 3.4 and 6.8 days related to the make-ups. The make-up peaks are the result of the 
presence of newly fed particles, of which fines, being immediately elutriated, would be 
lost from the system increasing, in this way, momentarily the loss rate. 
 
Figure 6-30. Magnitude of the difference between attrition and loss rate as a function of time for the CFB 
By analysing Figure 6-31, it seems that the Sauter mean diameter of the elutriated material 
increases with time. This is due to the accumulation of a fraction of relatively large fines 
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which are captured by the cyclone and recycled back to the fluidised bed. However, the 
Sauter mean diameter of the debris particles produced in the fluidised bed and cyclone by 
attrition is constant, of about 1 µm. The Sauter mean diameter of the material exiting the 
cyclone is less than that of the debris particles produced by attrition, meaning that not all 
them would be lost. Referring to the same figure, it is possible to notice that the elutriation 
and recycle stream get coarser in two phases: the first being the start-up, thanks to the 
sudden accumulation of relatively large fines from the pre-existing fines which are 
captured and recycled, the second being due to accumulations of relatively large debris, 
which are as well captured and recycled during the regime where the loss is dictated by 
the attrition rate. It implies that the solids circulation rate would increase with time and 
be much greater than the attrition and loss rates, as shown in Figure 6-32. The average 
particle size of the bed inventory initially increases due to the removal of a fraction of the 
pre-existing fines and later on decreases as a direct result of attrition. The decrease is 
more pronounced for the CFB as compared to the FB due to the recycle of relatively large 
fines. The bed solids Sauter mean diameter, along with the elutriation, recycle and 
attrition rate, are reported in Figure 6-33. Due to the coarsening of the elutriation stream 
for the reasons mentioned above, the cyclone separation efficiency increases with time, 
as shown in Figure 6-34. The bed inventory PSD after 10 days is reported in Figure 6-35, 
showing a slight reduction from the initial condition as well as an increase of those size 
fractions continuously accumulating in the process of range about 5-53 µm. 
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Figure 6-31. Sauter mean diameter of the debris produced in the CFB by attrition and the elutriation rate as a function 
of time 
 
 
Figure 6-32. Attrition, loss, elutriation and recycle rate for the CFB 
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Figure 6-33. Bed solids Sauter mean diameter, elutriation, and attrition rate as a function of time for the CFB 
 
 
Figure 6-34. Gas/solids temporal separation efficiency for the CFB default case 
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Figure 6-35. cumulative PSD of the bed inventory before and after attrition for the CFB 
6.3.2.2.2 Effect of Jet Velocity 
With increasing jet velocities, attrition is expected to increase. At the same time, the jet 
velocity dictates the overall volumetric gas flow within the column and therefore the 
superficial velocity. The main implications would be the increase of: (1) the solids 
circulation rate, dictated by the elutriation and the recycle, (2) the maximum particle size 
eligible for entrainment, (3) the jet attrition, (4) the bubbling bed attrition, (5) the cyclone 
attrition along with (6) the cyclone efficiency. Thus, the response of the system is 
complex, as there are three main competing mechanisms: attrition, the 
entrainment/recycle, and the efficiency of the solids separation. The minimum mother 
particle size, below which there is no attrition, is estimated for the jet/bubbling bed 
regions and the cyclone and reported in Figure 6-36. 
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Figure 6-36. Minimum mother particle size of the CFB 
According to Figure 6-37, the jet region is in all cases the main source of attrition. On the 
other hand, cyclone and bubbling bed are the second main source at high and low 
superficial velocities, respectively, in agreement with the work of Werther and 
Reppenhagen, (1999). 
 
Figure 6-37. Attrition rates as a function of usup/umf for the CFB at the 10th day 
The loss rate is directly linked to attrition but is controlled by the efficiency of the cyclone 
so, it is expected that by increasing the jet velocity, and therefore the superficial velocity, 
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the attrition rate would increase more significantly than the loss rate because the system 
produces more debris particles than fines escaping the cyclone. This is shown in Figure 
6-38 in terms of ratio of the loss and attrition rate. The figure shows that the ratio is way 
below 1 for higher jet velocity (and superficial velocity).  
The high attrition rate achieved at higher jet velocities would “force” the solids circulation 
rate to an equilibrium, as it would be mainly composed by the debris particles produced 
by attrition, this phenomenon is reported in Figure 6-39 in terms of solids loading of the 
elutriation stream. As a result of what mentioned above, the Sauter mean diameter of the 
elutriated material is not expected to vary significantly as shown in Figure 6-40. On the 
contrary, the slow attrition rate established at lower jet velocities would give leverage to 
the elutriation to accumulate relatively large particles in the system, therefore the mean 
particle diameter of the circulated material increases, as shown in Figure 6-40. Thus, the 
solids circulation rate slowly increases with time delaying in this way the reach of the 
equilibrium, as shown in Figure 6-39. The efficiency of the gas/solids separation increases 
with time as the solids loading increases. This effect is enhanced at high superficial 
velocity (which determines the cyclone gas inlet velocity), as depicted in Figure 6-41. 
The PSD of the bed inventory after 10 days, given in Figure 6-42, is radically changed 
and reflects the interplay between attrition and solids re-circulation which determines the 
accumulation of certain fractions of particle sizes. After 10 days, the total mass lost from 
the system is greater for larger jet velocities, in particular by nearly doubling the jet 
velocity from 55 to 115 m s-1 the mass loss increases by 4.1 times. The number of make-
ups goes from 2 to 11, again for the lowest and highest jet velocities used (superficial 
velocities), respectively. This is shown in Figure 6-43. 
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Figure 6-38. Attrition and elutriation rate of the FB for different jet velocities for the CFB 
 
 
Figure 6-39. Solids loading of the entrainment rate for different jet velocities (superficial velocities) for the CFB 
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Figure 6-40. Sauter mean diameter of the elutriated material for different jet velocities (superficial velocities) for the 
CFB 
 
 
Figure 6-41. Temporal efficiency of gas/solids separation for different jet velocities (superficial velocities) for the 
CFB 
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Figure 6-42. PSD of the bed solids inventory after 10 days for the CFB 
 
Figure 6-43. Mass lost at different jet velocities for the CFB, after 10 days 
6.3.2.2.3 Effect of Single Particle Breakability Index 
Similar to the FB configuration, the reference values of 
F CLC−
2
c
H
α
K
and bsp are multiplied 
by a proportionality factor of 0.01, 0.1, 1, 10 and 100 to study the effect of the single 
particle breakability index on the CFB behaviour. The jet velocity is set to 55 m s-1, which 
gives a superficial velocity of 0.14 m s-1. Several implications are expected by 
manipulating the breakability index: by increasing it (1) the jet attrition linearly increases, 
(2) the bubbling bed linearly increases, (3) the cyclone attrition linearly increases, (4) the 
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solids circulation rate increases because the system is overwhelmed by the production 
rate of debris particles (5) affecting the PSD of the elutriated and lost solids, (6) the 
gas/solids separation efficiency reduces due to a much finer feed and (9) the bed inventory 
gets finer in size. The minimum mother particle size, below which there is no attrition, 
remains constant for all the conditions tested as both breakability index and constant term 
are multiplied by the same proportionality factor, not affecting Equation 6-23. 
At low breakability indices, the initial loss is dictated by the elutriation of the pre-existing 
fines while at high breakability indices the loss is strongly determined by the debris 
produced by attrition. This is shown in Figure 6-44 in terms of ratio between loss and 
attrition rate. It is intuitive that, at constant superficial velocity, a higher attrition rate 
would increase the solids circulation rate. This is reported in Figure 6-45. The Sauter 
mean diameter of the elutriated material tends to reflect the debris particle size produced 
by attrition (about 1 µm) at high breakability indices, and the particle size of the pre-
existing fines (coarser than the debris particle) at low breakability indices, as shown in 
Figure 6-46. Being at constant superficial velocity, the gas/solids separation efficiency is 
affected by the solids loading and feed particle size. At high breakability indices the 
gas/solids separation efficiency is low due to the small feed particles elutriated but 
increases with time because of the increasing solids loading, as shown in Figure 6-47. 
The PSD of the bed inventory after 10 days is reported in Figure 6-48 showing deviation 
from the initial conditions by depletion and enrichment of fine particles at low and high 
breakability indices, respectively. As expected, the total mass lost after 10 days increases 
linearly with the breakability indices as well as the need of make-ups, as shown in Figure 
6-49. 
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Figure 6-44. Attrition and elutriation rate for different single particle breakability for the CFB 
 
 
Figure 6-45. Solids loading for different breakability indices for the CFB 
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Figure 6-46. Sauter mean diameter of the elutriated material for different particle breakability indices for the CFB 
 
 
Figure 6-47. Gas/solids temporal separation efficiency for different breakability indices for the CFB 
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Figure 6-48. Cumulative PSD of the solids bed inventory after 10 days for the CFB 
 
Figure 6-49. Mass lost and number of makeups at different Xbreakability index for the CFB, after 10 days 
6.4 Concluding Remarks 
The effect of particle attrition on the dynamic behaviour of a fluidised and a circulating 
fluidised bed is studied by means of a mass-based population balance. The reduction in 
size of the mother particles and the formation of debris particles is accounted for by using 
attrition kernels developed in this research project for F-CLC and E-CLC, by both 
experimental and computational approaches. The sources of attrition are the jet (acting as 
the gas distributor), the bubbling bed region, and the cyclone. Only a part of the particle 
population, having sizes greater than the minimum mother particle size, undergoes 
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attrition while the formation of debris is modelled according to the experimental results 
carried out on the fluidised bed and cyclone attrition tests. The minimum mother particle 
size, below which there is no attrition, is estimated using the model of single particle 
impact breakage by identifying a critical impact velocity, for the regions of interest. The 
PBM is written and solved in Matlab®. The study is carried out on two systems, a fluidised 
bed, and a circulating fluidised bed with make-up (which is a fluidised bed with a cyclone 
and a recycle line), at different conditions of jet velocities and single particle breakability 
indices. The simulations describe the dynamic behaviour throughout 10 days of operation. 
The analysis focuses on the effect of jet velocities (giving the superficial velocities as no 
background fluidisation is used), the effect of single particle breakability index and time 
step. The latter is found to have a negligible influence, within the allowed range. 
Concluding remarks are presented for the FB configuration in section 6.4.1 and CFB 
configuration in 6.4.2. 
6.4.1 Fluidised Bed Configuration 
The results of the PBM, for a fluidised bed configuration, show that jet attrition is the 
main source of attrition. Moreover, the existence of two regimes is established where the 
loss is dictated by the elutriation of the pre-existing fines and the attrition rate, in order. 
The bed inventory coarsens and undergoes size reduction during the two regimes, 
respectively. For this configuration, the elutriation rate is equal to the loss rate because, 
as opposite to the CFB configuration, no cyclone is present. On the basis of the study 
carried out on the FB, under the conditions tested, the following conclusions can be made. 
Action (i) Either decreasing the attrition propensity of the single particle or 
increasing the superficial velocity (by increasing the jet velocity) 
Consequence: 
a)  the transition from the regime where the loss is dictated by the elutriation of 
pre-existing fines to where the loss is dictated by the attrition rate is delayed. 
Action (ii) Increasing the single particle attrition propensity 
Consequences: 
a) The attrition rates increase 
b) The Sauter mean diameter of the bed solids decreases  
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c) The Sauter mean diameter of the elutriated material would reflect the size of 
debris particles produced by attrition 
d) The mass loss increases  
Action (iii) Increasing the jet velocity (giving the superficial velocity) 
Consequences: 
a) The minimum mother particle size decreases 
b) The attrition rates increase 
c) The elutriation rate increases 
d) Both coarsening and reduction of the average bed particle size is enhanced, 
during the two regimes, respectively.  
e) The Sauter mean diameter tends to the debris particle size during the attrition 
dominated regime. 
f) The mass loss increases. 
6.4.2 Circulating Fluidised Bed Configuration 
With the CFB configuration the loss rate is controlled by the presence of the cyclone, and 
therefore is not equal to the elutriation rate. In terms of attrition rate, the jet is always the 
main source of attrition. At high jet velocities, it is followed by the cyclone and bubbling 
bed, and vice versa at low velocities. The two regimes where the loss rate is dictated in 
order by the elutriation of the pre-existing fines and debris particles produced by attrition 
is still present. The transition between the two occurs earlier than the FB case because the 
loss rate is now controlled by the cyclone. On the basis of the study carried out on the 
CFB, under the conditions tested, the following conclusions are made. 
Action (i) Decreasing the attrition propensity of the single particle 
Consequences: 
a) The transition from the regime where the loss rate is dictated by the elutriation 
of the pre-existing fines and debris particles produced by attrition is delayed. 
b) The attrition rate decreases 
c) During the 10 days tested, given the low attrition rate, the solids circulation is 
mainly composed by the accumulating larger fractions of the pre-existing fines 
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d) As a result of the previous point, the gas/solids separation efficiency is high 
and rapidly increases with time 
e) The mass loss decreases 
Action (ii) Increasing the attrition propensity of the single particle 
Consequences: 
a) The transition from the two regimes occurs earlier 
b) The elutriated material is mainly composed by the debris particles produced 
by attrition 
c) Due to the finer elutriated material, the gas/solids separation efficiency is low 
but would slowly increase with time due to the increasing of the solids loading 
d) The mass loss increases 
Action (iii) Increasing the jet velocity (giving the superficial velocity) 
Consequences: 
a) The minimum mother particle sizes decrease 
b) The attrition rate increases 
c) The solids circulation rate increases as well as the particle sizes eligible to 
elutriation. 
d) The equilibrium solids circulation rate dictated by the rate of production of 
debris particles and recycle of relatively large fines occurs earlier 
e) As a result of the previous point the Sauter mean diameter of the elutriated 
material does not change significantly with time 
f) Due to the high gas velocity, the gas/solids separation efficiency is high and 
once the equilibrium solids circulation is achieved it does not change 
significantly with time. 
g) The mass loss increases 
h) The requirement of a make-up stream increases 
Action (iv) Decreasing the jet velocity (giving the superficial velocity) 
Consequences: 
a) The minimum mother particle sizes increase 
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b) The attrition rate decrease 
c) The solids circulation rate decreases as well as the particle sizes eligible to 
elutriation. 
d) The equilibrium solids circulation rate is reached late, allowing the 
accumulation in the system of the larger fractions collected by the cyclone and 
causing the increase of the solids loading 
e) Before the equilibrium solids circulation rate is reached, the Sauter mean 
diameter of the elutriated material increases 
f) Due to the low gas velocity, the gas/solids separation efficiency is low but 
increases with time as a result of the increasing solids loading 
g) The mass loss reduces 
h) The requirement for make-up reduces 
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7. CONCLUSION AND FUTURE WORK 
CHAPTER 7 
7.1 Conclusions 
Particle attrition in fluidised and circulating fluidised bed is a major issue. Particles are 
continuously subjected to mechanical, thermal and chemical stresses, thus tend to degrade 
with time. Attrition is responsible for the formation of small fines that are elutriated and 
mostly lost, as well as shrinking and/or severe breakage of particles. It is important to 
understand how the attrition propensity of a solids material can influence the performance 
of the process. For this purpose, a methodology has been developed to deduce particle 
attrition in complex systems such as cyclone and fluidised beds from the single particle 
breakability. 
In this research project, the single particle breakability of a fresh (F-CLC) and equilibrium 
(E-CLC) manganese oxide particles, candidate oxygen carrier for the Chemical Looping 
Combustion process, has been characterised. An empirical model is then proposed for use 
in developing attrition correlations for the jet region and cyclone of fluidised beds. This 
is done through a combination of experimental and simulation work. They are then used 
as kernels in a population balance model of attrition for a fluidised and circulating 
fluidised bed. 
A comprehensive literature review on particle attrition, from the single particle to the 
process level has been undertaken to understand the mechanisms and magnitude by which 
particle attrition occurs in these processes. Potential windows of improvements have been 
identified. The link between single particle breakability and the attrition observed in the 
cyclone, jet region and the overall fluidised bed has been established, as an outcome of 
the work. 
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7.1.1 Single Particle Attrition 
The work at single particle level has been carried out at the University of Leeds. The 
materials are initially characterised in terms of size, porosity, morphology, and 
mechanical properties. The particle size distribution of the fresh material is found to be 
much coarser than the equilibrium. Both fresh and equilibrium particles have random and 
irregular shape, their internal structure is characterised by some meso and macro pores. 
In particular, the equilibrium material presents a much greater degree of porosity, or rather 
cavities, which can be explained by considering the important thermal and chemical 
stresses they have been through. Moreover, mechanical tests carried out using the nano-
indentation technique have revealed their semi-brittle behaviour. Stiffness and hardness 
of the E-CLC is found to be different form F-CLC, suggesting the importance of 
considering the effect of temperature and chemical reaction on the particle mechanical 
properties. 
Their single particle breakability is evaluated using the single particle impact test and the 
Scirocco impact test of the Malvern Mastersizer 2000®. The two impact tests give 
consistent results. The extent of breakage upon impact is such that chipping is the 
dominant mechanism and follows the model of chipping of semi-brittle material of 
Ghadiri and Zhang, (2002), which suggests that the breakage is a function of the 
breakability index (αH/Kc2), the particle size, density and the square of impact velocity. 
The equilibrium material is found to have a larger breakability index than the fresh one. 
Moreover, by comparing the results of non-washed and washed material, the fine dust 
adhering to the particles surfaces is found to overestimate the extent of breakage during 
the first three/four repeated impacts. Further experimental work has revealed that the 
extent of attrition varies with the impact angle, θ, with respect to the plane of impact, and 
is found to be proportional to sin θ. The validity of this dependency has been tested on 
breakage results from works reported in literature with quite good agreement. However, 
its physical nature remains unknown.  
7.1.2 Cyclone Attrition 
The work on the cyclone has been carried out at the University of Leeds. Cyclone attrition 
is evaluated experimentally for the fresh material as a function of the particle size (from 
180 to 400 µm), the solids loading (from 0.1 to 1) and the gas inlet velocity (from 12 to 
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24 m s-1) through 20 passes. The results show that the extent of attrition tends to reduce 
with the number of passes, more significantly at higher gas inlet velocities and solids 
loadings. Extending the test to 40 passes, after the cyclone is cleaned of the fines 
deposited on its wall, the extent of attrition seems to replicate the results obtained in the 
first 20 passes. It can be concluded that the layer of fines built on the cyclone wall plays 
an important role either by mitigating attrition or, probably, by affecting the collection of 
debris. Some future work will help understand this. 
The most severe conditions of attrition are found at high gas inlet velocity, low solids 
loading, and small particle sizes. The Schumann’s plot of the most severe cases reveal 
that the breakage pattern is determined by surface damage, i.e. chipping and surface 
abrasion. However, the PSD of the debris at all conditions show the presence of some 
large fragments.  
A CFD-DEM analysis is carried out to check the effect of the pipe length and solids 
loading on the particle velocity at the entrance of the cyclone for different particle sizes. 
It is found that the reason why small particles experience higher attrition lies on the 
entrance effect, i.e. small particles would enter at higher velocity than large ones, and 
therefore have a greater impact energy. Even by using a mixture of different particle sizes, 
at very high solids loading (such as 10), and pipe length being three times as that used for 
the experiments, different particle sizes would still have different entrance velocities. This 
analysis is only valid for the particle size and density range used here.  
In order to understand the particle dynamics leading to cyclone attrition, CFD-DEM 
simulations are performed, replicating the experimental set-up and operating conditions. 
The aim being the estimation, for different regions of the cyclone, of the frequency of 
particle-wall (P-W) and particle-particle (P-P) collisions, collision relative velocity and 
angle, sliding distance against the walls and normal load acting on the particles. In the 
regions immediately opposite to the entrance of the cyclone, P-W collisions are highly 
energetic and efficient in terms of breakage, and the frequency of collisions slightly 
increases with the solids loading. P-P collisions are also highly energetic and efficient, 
but the frequency of collisions become significant only at high solids loading. With 
reference to the entrance effect, in these regions, small particle sizes have a greater impact 
energy. Following the pre-dominant collisional behaviour in the entrance regions, further 
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downstream particles tend to aggregate in form of strands and descend towards the bottom 
outlet experiencing surface abrasion against the wall. In these regions, the normal load 
acting on the particles increases towards the conical part with the particle size. The solids 
flow pattern inside the cyclone is strongly affected by solids loading, which has a strong 
dampening effect on the fluid velocity, thus particles are found to travel longer paths at 
low solids loadings and at increasing gas inlet velocities. 
The particle dynamics, as described above, are used to calculate attrition  in each region 
of the cyclone, using the single particle breakage model upon impact for F-CLC, for 
collisional dominated regions, and the model of surface abrasion of Archard and Charj, 
(1953) for the sliding dominated regions. Under the conditions tested, the results show 
that collisional attrition is about one order of magnitude higher than that given by surface 
abrasion. The latter is more significant in the conical part of the cyclone. A fair agreement 
with the experimental results in terms of overall extent of attrition is obtained, confirming 
the dependency found with the gas inlet velocity, solids loading, and particle size, having 
a power index of 3, -0.2 and -1, respectively. 
7.1.3 Jet Attrition in Fluidised Beds 
The work on jet attrition in a fluidised bed has been carried out in IFP energies Nouvelles 
(Solaize, France). A semi-pilot scale fluidised bed apparatus is used to evaluate particle 
attrition induced by the jet of both F-CLC and E-CLC, as a function of jet velocity (from 
30 to 55 m s-1) and orifice size (3, 4 and 5 mm), in terms of steady state loss rate. The gas 
jet is formed from a single orifice mounted at the centre of a porous distributor. The latter 
provides the necessary background fluidisation needed to keep the superficial velocity 
constant for all the jet velocities. Both materials require about 10-15 days of fluidisation 
without the jet to reach a steady loss rate. This is due to the presence of pre-existing 
elutriable fines and the higher initial attrition caused by the surface asperities and weak 
spots. The steady state loss rate in absence of the jet is found to be slightly higher for E-
CLC than F-CLC, consistent with the tendency observed at single particle level. This 
value is then subtracted from the overall attrition obtained in the presence of the jet to 
calculate jet-induced attrition. Once the gas jet is introduced it takes about 2 to 4 days to 
reach a new steady loss rate. E-CLC has shown to undergo jet attrition much more 
extensively than F-CLC. The power indices of the jet velocity and orifice size for F-CLC 
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are found to be 2 and 1.7, respectively. They differ from those obtained for E-CLC, 6 and 
3.6, respectively. One reason could be that the fluidisation of E-CLC might have been 
carried out at the limit of the TDH or even below it. In fact, the data collected for E-CLC 
are somewhat scattered, as compared with those of F-CLC, and the SEM images of the 
fines collected on the filter show the presence of rather large particles of size comparable 
to the feed material. The fines collected on the filter are mainly composed of small 
particles of about 1 µm, organised in clusters. The particles after several weeks of 
fluidisation present still a rather irregular shape and are difficult to be distinguished from 
the non-processed material suggesting their tendency to lose surface chips. 
7.1.4 Population Balance Model 
The population balance model has been developed at IFP energies Nouvelles. The 
correlations for jet and cyclone attrition are eventually implemented in a population 
balance model for particle attrition in a fluidised and circulating fluidised bed, developed 
in-house, using Matlab®. Bubbling bed attrition is also included, using correlation from 
literature, and assumed to occur in the region of the bed above the jet height. The part of 
the population undergoing attrition is determined by the minimum mother particle size. 
This is evaluated for the jet/bubbling bed region and the cyclone, using the single particle 
breakage model upon impact, assuming the most dramatic conditions in the respective 
region, i.e. a normal impact at the maximum particle velocity achievable. The formation 
of debris is accounted for by assigning a PSD ranging from 0 to the maximum debris size. 
The latter is set based on the experimental results carried out on jet attrition. As the 
dominant pattern of breakage is found to be surface damage, the model only allows 
particle shrinking. 
Particle attrition in the jet/bubbling bed region, entrainment of solids, particle attrition 
and gas/solids separation in cyclone and recycling are evaluated in series within the 
integration time step. The only variables are time and particle size; the latter dictates the 
transfer of particles to different size classes after attrition. These are predefined based on 
the PSD of the input material. By using different integration time steps of 0.1, 0.5 and 1 
s, the loss rate and cumulative mass loss are not found to vary at all. On the other hand, 
the integration time step has little effect on the bed inventory average particle size because 
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of the different patterns of particles transfer between size classes, established for small 
and large integration time steps. 
By reproducing the experimental history of the jet attrition tests, carried out on the pilot 
scale fluidised bed at IFP Energies Nouvelles on F-CLC, the model has proved to be fairly 
predictive for describing the PSD of the bed inventory measured experimentally at the 
end of the tests. 
The PBM model is then used to simulate the behaviour of a pilot scale fluidised and 
circulating fluidised bed with make-up, for a period of 10 days as a function of different 
single particle breakability indices, such as 0.01, 0.1, 1, 10 and 100 times that of F-CLC, 
and jet velocities of 55, 75, 95 and 115 m s-1. The latter also dictate the superficial 
velocities equal to 0.139, 0.190, 0.240, 0.291 m s-1, respectively. 
In the case of the fluidised bed, two regimes prevail where the loss is dominated in order 
by the elutriation of pre-existing fines and debris particles produced by attrition. The bed 
average particle size becomes large and smaller during the two regimes, respectively. For 
the fluidised bed configuration, elutriation is equal to the loss rate because no cyclone is 
present, and the jet attrition is always greater than the bubbling bed attrition. By either 
increasing the single particle breakability index or the superficial velocity (by increasing 
the jet velocity), the transition between the two regimes is anticipated and delayed, 
respectively. As attrition, elutriation and loss rate increase, the bed inventory average 
particle size decreases during the attrition dominated regime.  
In the case of the circulating fluidised bed with make-up, the transition between the two 
regimes occurs earlier than the fluidised bed case because the loss rate is limited by the 
presence of the cyclone. By either increasing the single particle breakability index or the 
superficial velocity (by increasing the jet velocity), the attrition rate increases so the 
transition between the two regimes is anticipated, the solids circulation and loss rate 
increase and the bed inventory average particle size tend to decrease. The jet region is 
always the main source of attrition, followed by the cyclone and bubbling bed. The 
gas/solids collection efficiency tends to vary with time until the particle size distribution 
and the rate of the circulated solids reach an equilibrium that is dictated by the attrition 
rate, operating conditions, and cyclone efficiency. 
 7-7 
 
Chapter 7 
    
The results of the PBM show that particle attrition profoundly affects the process 
performance, especially by accounting for the formation of fines which are not always 
simply lost. Their presence in the system is regulated by the operating conditions, attrition 
rates and collection by the cyclone. The complex mechanisms revealed here by PBM 
shows the significant influence of particle attrition on the bed inventory size distribution, 
solids circulation rate and gas/solids separation efficiency. 
7.2 Future work 
Keeping the focus on particle attrition, this research project is composed of four well 
distinct subjects such as the single particle, cyclone, fluidised bed and the population 
balance. The latter uses the inputs of the formers, therefore in order to vertically develop 
this research project some compromises had to be adopted and some topics could not be 
fully investigated. As a result, this thesis can inspire some interesting future investigations 
and improvements. 
7.2.1 Single Particle Attrition 
At the single particle level, the analysis of the mechanical properties can be completed, 
for both F-CLC and E-CLC, by evaluating the fracture toughness, using higher 
indentation loads than those used here in order to evaluate the quasi-static breakability 
index H/Kc
2 and check consistency with the relative breakage tendency found upon 
impact tests.  
The coherence established between the results of the single particle impact test and the 
Scirocco impact test should be supported by using different materials. If this is confirmed, 
the Scirocco of the Malvern Mastersizer 2000 (commercially available), could potentially 
substitute the single particle impact test which is an in-house test equipment and not 
commercially available. The breakage analysis could be improved by assessing the full 
PSD after breakage rather than only using a cut-off sieve size for mother-particle/debris-
particle separation. The effect of fatigue is checked by carrying out six repeated impacts 
at a fixed particle size and impact velocity, whilst almost no variation is observed for F-
CLC throughout the six impacts, the extent of breakage of E-CLC decreases at high 
particle impact velocities. More than six impacts are needed to reveal the actual behaviour 
of the particles after repeated impacts and discover whether a constant breakage is 
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eventually achieved. The dependency of the extent of attrition found with the sinθ for 
inclined impacts is purely empirical. This implicitly assumes that the normal component 
of velocity is only responsible for a portion of the overall extent of breakage. Fundamental 
study is needed here to investigate the underlying mechanism of breakage under inclined 
impacts.  
7.2.2 Cyclone attrition 
The cyclone experimental work has been carried out with one material, i.e. only for F-
CLC and not with E-CLC due to lack of time. The particle sizes used for the tests are 
quite large, the analysis could be extended to smaller particles. All the tests have been 
carried out with a fixed narrow particle size obtained by sieving. Thus, there is a need to 
test a wider PSD to check whether the single contribution of each particle size can be 
extrapolated to describe the overall attrition. It would be very interesting to verify that 
each particle size behaves in a mixture as it does alone proportionally to its mass fraction. 
Moreover, longer inlet pipes should be used in order to have constant particle entrance 
velocities. Different cyclone geometries and dimensions can be used to verify the 
applicability of the correlation. 
The unexpected behaviour obtained from the 20th to the 40th pass after that the cyclone 
was cleaned of the fine deposits on the wall needs to be further investigated. First, a new 
test can be performed where at the end of each pass the cyclone is cleaned of the fines 
deposited to check whether the same trend is observed. If not, it might mean that the layer 
of fines built on the cyclone wall serves as an attrition mitigator by cushioning particle 
collisions and sliding. 
The solids flow pattern given by the CFD-DEM simulations strongly depends on the 
contact parameters. They could be improved by evaluating the actual coefficient of 
restitution, sliding friction and rolling friction of the material that are here taken from 
literature. Further investigation is also needed to verify the discrepancy between the 
pressure drop obtained from the simulation and the experiments. The contribution of the 
particle surface abrasion by sliding against the wall is evaluated with the model of 
Archard and Charj, (1953) while this has not been experimentally proved on the material 
used. Moreover, its wear coefficient is obtained by extrapolation from an experimental 
point of cyclone attrition, while it could be assessed independently. Further analysis could 
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also be carried out by applying the model of surface abrasion of Ning and Ghadiri, (2006) 
instead, which is a function of hardness and fracture toughness. As proposed for the 
experimental work, a mixture of particle sizes can also be simulated, and attrition assessed 
using the same methodology. 
7.2.3 Jet Attrition in Fluidised Beds 
Jet attrition has been evaluated experimentally in a semi-pilot scale fluidised bed. In this 
work, jet attrition could not be related to the particle size because the full PSD was used 
for the tests. Thus, its effect remains unknown and requires future work. The difficulty 
lies on the effort and time required to sieve and collect enough material to run the semi-
pilot scale fluidised bed with one size cut. Therefore, for the effect of particle size analysis 
it is suggested to use a smaller scale fluidised bed. After assessing the effect of a narrow 
size distribution, the complexity of the system could be extended to a mixture. A smaller 
scale is also more approachable by CFD-DEM. In fact, the methodology applied on the 
cyclone (CFD-DEM simulation coupled with the single particle breakage model) was not 
feasible to be used here due to the scale of the system. These simulations can help to have 
a better fundamental understanding of the mechanism of jet attrition, such as the particle 
entrainment within the jet core, the relative impact velocity and frequency of collisions. 
Alternatively, such a large system could have been simulated by CFD-DEM by 
considering only a slice of the column using periodic boundary conditions, once verified 
that the slice can be representative of the whole bed. Another approach could be the use 
of the coarse graining method to reduce the number of particles in the simulation. The 
applicability of the experimental correlation developed for F-CLC could be verified by 
using larger columns as well as multiple orifices. 
The experimental jet attrition tests carried out on the E-CLC suggest a great discrepancy 
with the results obtained for F-CLC, which are in line with literature. As mentioned, under 
the conditions at which the tests for E-CLC are carried out, the bed freeboard height might 
have been shorter than the TDH compromising in this way the results by elutriating large 
particles as well. It is therefore important to repeat the test using a taller column. 
Further investigation could be carried out on the PSD of the fines collected on the filter 
at different conditions of jet velocities, in order to verify the hypothesis that the very small 
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fines mainly derive from surface abrasion (in absence of a gas jet) and that the larger fines 
mainly originate from chipping in the jet. 
7.2.4 Population Balance Model 
The PBM has a lot of room for improvement. All the assumptions made to develop the 
model can be addressed and improved. The most important analysis to be carried out 
before further complicating the PBM is the sensitivity analysis on the number of classes. 
The minimum mother particle size for the jet could be more accurately estimated by the 
help of numerical analysis. The debris PSD could be correlated to the single mother 
particle as a function of its size, mechanism of breakage and magnitude of stress 
undergone. In here, only particle attrition by surface damage is considered, thus a better 
description could be achieved by including particle fragmentation. The estimation of the 
average particle residence time in the freeboard, cyclone and recycle line is quite rough 
and could be improved. The attrition correlations are at steady state and therefore ignore 
the initial high breakage of fresh material. Jet attrition is considered here to apply to all 
the bed solids included below the jet height while more precisely it is a stream of solids 
being entrained in the jet core that undergoes jet attrition. As mentioned before, this could 
be evaluated by numerical analysis. The fluidised bed is assumed to be always in the 
bubbling fluidisation regime while the shift to different regimes could be implemented. 
No effect of temperature or the chemical reaction are considered here while they are 
known to have a major role in attrition. The PBM developed here only allows to simulate 
either a fluidised bed or a circulating fluidised bed, the latter being composed of a 
fluidised bed, a cyclone and a recycle. The program could be made more flexible so that 
any type of configuration could be implemented such as a circulating fluidised bed with 
regenerator and more than one cyclone. The developed PBM code could be made more 
efficient or even parallelised and structured in a more user-friendly way. The whole 
analysis on the FB and CFB is performed for a duration of 10 days. Some trends have 
been identified but should be confirmed by further studies carried out on longer periods 
of time. Moreover, the robustness of the PBM can be verified by reproducing an industrial 
scale FCC process for which attrition features are well known in literature, such as single 
particle breakability index, jet, bubbling bed and cyclone attrition. This could help 
validate the methodology proposed in this work that aims at linking the single particle 
breakage propensity to particle attrition in the industrial process. 
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APPENDIX 
A.1 Cyclone Attrition Appendix 
The numbers of nodes and cells used for the mesh independency analysis for the fluid 
dynamic resolution in the cyclone are given in Table A-1. 
Table A-1. Computational cells distribution in the fluid domain 
  Basic mesh  1st refinement 2nd refinement 
Sub-domain reference 
number 
Nodes Hexahedra Nodes Hexahedra Nodes Hexahedra 
1 12384 10752 22440 20000 39936 36288 
2 8987 8064 14331 13000 26176 24192 
3 5504 4032 10200 8000 18432 15120 
4 3168 2560 6160 5200 8736 7488 
5 3159 2432 5566 4500 9802 8208 
6 6240 4864 9200 7200 16704 13680 
7 4992 3648 9200 7200 16704 13680 
8 11232 9728 20240 18000 36192 32832 
9 6048 5120 11000 9600 18096 16128 
10 37926 30000 52675 43200 69832 58800 
11 1638 1200 2625 2016 3944 3136 
12 25289 23040 42431 39000 61759 57600 
13 8194 7392 14801 13600 25755 24000 
Global 134761 112832 220869 190516 352068 311152 
 
The gas tangential velocity and static pressure contours at 16 and 20 m s-1 at different 
solids loading of particles of 377.5 µm are reported in Figure A-1 and Figure A-2, 
respectively. The radial and axial velocity contours at 16, 20 and 24 m s-1 at different 
solids loading of particles of 377.5 µm are reported in Figure A-3 and Figure A-4, 
respectively. The solids flow pattern at 16 and 24 m s-1 are reported in Figure A-5. By 
CFD-DEM analysis, the average particle velocities in the inlet pipe of the cyclone, for a 
length twice as that used for the experimental work (equal to 0.33 m), for a mixture of 
different particle sizes at 0.1 of solids loading are reported in Figure A-6. Under the same 
conditions, the average particle velocities by using a solids loading equal to 10 are 
reported in Figure A-7 showing that there is always a difference in particle entrance 
velocity for different solids loading. 
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Figure A-1. Tangential velocity contours, at steady state, at 16 and 20 m s-1 inlet gas velocity and different solids 
loadings for a particle size of 377.5 µm 
 
Figure A-2. Pressure contours, at steady state, at 16 and 20 m s-1 inlet gas velocity and different solids loadings 
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Figure A-3. Radial velocity contours, at steady state, at 16, 20, 24 m s-1 inlet gas velocity and different solids loadings 
 
Figure A-4. Axial velocity contours, at steady state, at 16, 20, 24 m s-1 inlet gas velocity and different solids loadings 
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Figure A-5. Solid flow pattern at 16 and 20 m s-1 at different solids loadings 
 
Figure A-6. Average particle velocity in the inlet pipe of the cyclone for different particle sizes and at low solids 
loading (0.1) 
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Figure A-7. Average particle velocity in the inlet pipe of the cyclone for a mixture of different particle sizes at high 
solids loading (equal to 10) 
A.2 Jet Attrition Appendix  
A.2.1 High Temperature Test “EXP 3” 
The high temperature test, “EXP 3” is carried out on F-CLC to look at the effect of 
temperature by fluidising only with the porous base. The test conditions are reported in 
the table below and Figure A-8. 
Table A-2. Experimental conditions for F-CLC to look at the effect temperature on the bubbling bed attrition 
EXP 3 (Batch 3 full PSD F-CLC) 
T [°C] room 200 400 600 
ujet [m s
-1] - 
dor [m] - 
hjet_theor [m] - - - - 
Qjet [m
3 s-1] - - - - 
Qpb [m
3 s-1] 0.00189 0.00144 0.00116 0.00101 
Qtot [m
3 s-1] 0.00189 0.00144 0.00116 0.00101 
p,d  [µm] 53 
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usup [m s
-1] 0.243 0.185 0.149 0.130 
umf_theor [m s
-1] 0.069 0.053 0.042 0.037 
usup/umf_theor   3.5 3.5 3.5 3.5 
mbed,0 [kg] 3.2 
TDHtheor [m] 0.260 0.191 0.162 0.124 
hbed,exp [m] Not measured 
htot-hbed [m] - 
 
 
Figure A-8. Gas flow rates for the porous base for the evaluation of F-CLC bubbling bed attrition at different 
temperature (in order to have the same terminal velocity of dp,∞) 
As shown in Figure A-9, attrition seems to decrease with temperature to a point where it 
becomes barely measurable. By returning at room temperature, after having increased the 
temperature from 200 to 600°C, attrition is nearly 8 times greater, meaning that some 
drastic changes have occurred to the material. Structural changes are very likely to happen 
as well as thermal decomposition at very high temperature. About the latter point, 
Teryama and Masao, (1983) demonstrated that MnO2 decomposes at 586° into Mn2O3 
and O2. This is though not further investigated in this research project. Some insights can 
be given by looking at the particles by SEM, Figure A-10. The particles seem to be more 
rounded and surfaces more homogeneous. To unravel the transformation they have 
undergone, the Mercury porosimetry technique is used to evaluate any shift in particle 
density and internal porosity. The test revealed that structural changes have occurred. The 
internal porosity has increased from 17% to 27% as well the skeletal density from 4000 
kg m-3 to 4360 kg m-3 which leads to an envelope density of 3180 kg m-3 as compared to 
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3300 kg m-3 of before the test. Structural as well as chemical changes are very likely to 
have occurred, but this has not furtherly been investigated. 
 
Figure A-9. Effect of temperature on attrition for F-CLC 
 
Figure A-10. F-CLC particles before attrition and after jet attrition at room and hot temperature 
 VIII 
 
Appendix 
    
A.2.2 CFD-DEM Study of Jet Attrition in a Simple System” 
A CFD-DEM study on the jet-induced attrition has been carried out for a very small and 
simple system, far from the actual semi-pilot scale used, to elucidate the dynamic of 
particles in the jet region and their likelihood to be entrained within jet and experience 
collisional attrition. The frequency of collision as well as the net flow of entrained 
particles within the jet is evaluated post processing and used to evaluate the overall 
attrition in combination with the single particle breakage model of chipping of (Ghadiri 
and Zhang, 2002). 
The bed is cuboid of 100 mm×10 mm×600 mm. The jet is a 5 mm×10 mm rectangular 
slot and placed at centre bottom of the bed; air, at standard condition, is issued from it at 
40 m s-1. The particles are spheres, having a diameter of 925 µm and density of 3300 
kg m-3. The other DEM parameters such as coefficient of restitution, sliding friction and 
rolling friction, shear modulus and Poisson’s ratio were specified as, 0.5, 0.5, 0.01, 0.1 G 
Pa and 0.25, respectively, as given by default by the software EDEM®. The total number 
of particles is set to 20000 for a total bed mass of 31.97 g. The system is simulated for 
3.4 s. A time sequence of the simulation is reported below in Figure A-11. 
 
Figure A-11. Time sequence of particles behaviour in the core of the jet 
The jet core region has been identified by as the internal regional with highest void 
fraction wherein the dynamics of particle motion is analysed in terms of particle velocity, 
number of collisions per particle and number flux of particles into the acceleration zone. 
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The acceleration channel, of about 20 mm, can be seen from Figure A-12. After that, the 
particle velocity in the jet core would remain quite constant. This is the velocity value at 
which the particles will collide with the slow-moving part of the bed. 
 
Figure A-12. Fluid and particle velocity analysis in the jet core 
Considering the single particle breakage model of chipping of (Zhang and Ghadiri, 2002)  
defined in Chapter 3 in Equation. 3-5, defined as Rchip, the jet attrition can be expressed 
as: 
jet chip p, jet c/p colR R N N=   
Equation A-1 (A-1) 
where p, jetN  is the net number flux of particles entrained in the jet core, c/pN the number 
of collisions per particle and col  the efficiency of collisions, given the constraint of the 
transition velocity. 
A.3 Population Balance Appendix 
A.3.1 Start up 
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Given the averaging within the saving time step, the behaviour of the system at the start-
up cannot be captured with accuracy. On this regard, a simulation of case “2” of 0.2 days 
at saving time step equal to the integration time step is carried out at the default 
conditions, jet velocity of 55 m s-1 and Xbreakability equal to 1. At the start-up, the solids 
front requires a time equal to τFB to reach the cyclone inlet, a time equal to (τFB+ τcyc) to 
leave the cyclone and a time equal to (τFB+ τcyc+ τrec) to return to the fluidised bed. As 
shown below in Figure A-13, the attrition rate is constant throughout, while the loss rate, 
which is null before (τFB+ τcyc), undergoes a sudden change in slope when the first loop 
is completed.  
 
Figure A-13. Mass rates at start-up for the CFB 
Under the conditions tested, it has been previously established that at the very beginning 
the loss rate is dominated by the elutriation of the pre-existing fines. Here it is even clearer 
how the sudden increase of the bed Sauter mean diameter occurs mainly before the solids 
circulation has completed the first loop because of the removal of the pre-existing fines, 
Figure A-14. 
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Figure A-14. Bed Sauter mean diameter at start-up for CFB  
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